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Preface

Inland waters, lakes, rivers, and their connected wetlands are the most important
and the most vulnerable sources of freshwater on the planet. The ecology dependent
on these systems includes a wide range of flora and fauna, as well as most human
populations and civilization. The study of inland waters includes analyses of the
biology, chemistry, physical dynamics, morphology, geology, and geography of
inland aquatic systems. Inland water investigations may include examinations of
lakes, rivers, ponds, streams, reservoirs, wetlands, and groundwater, as well as

the ecological and anthropogenic factors that define and influence such systems.

In particular, inland waters and wetlands are highly susceptible to chemical

and biological pollutants from natural or human sources, changes in watershed
dynamics due to the establishment of dams and reservoirs, and land use changes
from agriculture and industry. This book provides a comprehensive review of issues
important to the understanding of inland waters and discusses many worldwide
inland water systems. The main topics of this text are water quality investigation,
analyses of the ecology of inland water systems, remote sensing observation and
numerical modelling methods, and biodiversity investigations.

This book is organized into four main sections. The first section is entitled

“Water Quality of Inland Waters”, which is concerned with factors that affect

the status of freshwater system quality. Chapter 1 of the first section investigates
the contamination by microplastics found in salt works used for table salt in the
Portuguese coastal waters, which reveals that microplastic contamination can be a
serious concern. Chapter 2 of the first section adopts a novel approach to consider
the entropy of inland water systems in the analysis of pollution and analyzes and
compares many different freshwater quality indices in the waters of Armenia.

The second section of the book is entitled “Ecological Factors Affecting Inland
Waters”, which presents different issues related to the ecological health of wetlands
and lakes. Chapter 1 of the second section analyzes how the impacts of global
climate change can affect the production of inland freshwater fisheries, which in
turn can impact the economy of those who depend on these industries. This chapter
also provides suggestions for efficient management of fisheries under increased
climate change scenarios. Chapter 2 of the second section is about techniques and
methodologies of designing constructed wetlands for river diversion as possible
improvements to water quality. Chapter 3 of the second section discusses the
dynamics of hazardous algae blooms in Lake Erie, and the economic impacts on
tourism in the region. Chapter 4 in the second section discusses various forms of
constructed wetland structures and how this may help local aquatic plants respond
and adapt to contamination by pollutants such as antibiotic resistant genes.

The third section of this book is focused on observational and modelling
methodology, entitled “Remote Sensing and Modelling of Inland Waters”. Chapter 1
of the third section examines how thermal stratification in lakes and reservoirs

can be categorized and provides an in-depth analysis of the governing equations
for modelling the hydrodynamics and water quality in stratified inland water
systems, including particular case studies. Chapter 2 of the third section analyzes



precipitation in inland water systems as observed from satellites using the CHIRPS
method. Chapter 3 of the third section presents a detailed methodology for using
remote sensing to extract narrow water features from satellite imagery using a
morphological linear enhancement technique.

The fourth and final section of the book deals with biological issues in inland water
systems and is entitled “ Biodiversity of Inland Waters”. Chapter 1 of the fourth
section presents a detailed zoological study of invertebrates found in the stream
and river systems of North America, and discusses relevant factors affecting these
populations. Chapter 2 of the fourth section reviews the biodiversity dynamics

in the Okavango Delta in Botswana, discussing biotic and abiotic factors, flood
dynamics, and other factors important to this wetland system. Chapter 3 of the
fourth section discusses the biodiversity and environmental integrity of rivers in
Nigeria, involving a detailed and thorough statistical analysis of various ecological
factors. Finally, Chapter 4 of the fourth section reviews the present status of
knowledge of invertebrates found in rivers, lakes and wetlands in western South
America, and provides a characterization of the diverse groups of insects, mollusks,
crustaceans and other smaller groups spread over two major invertebrate phyla.

The chapters of this book provide detailed and varied information about many of
the important factors affecting inland water systems, with a good variety of systems
worldwide discussed. It is hoped that the methods and analyses presented here will
inspire new in-depth investigations and other future studies. We are grateful to the
authors, and to the publishing staff of IntechOpen for their contributions to this
textbook and their hard work.

Adam T. Devlin and Jiayi Pan
Jiangxi Normal University,
Nanchang, Jiangxi, China

Mohammad Manjur Shah
Yusuf Maitama Sule University,
Nigeria
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Chapter1

Microplastic Pollution in
Portuguese Saltworks

Ana Sofia Soares, Carlos Pinheiro, Uird Oliveira
and Maria Natividade Vieiva

Abstract

Currently, microplastics are dispersed everywhere; from our oceans to our rivers,
sediments, organisms, air, and even food resources. Therefore, this study aimed to
assess the degree of contamination present in the Portuguese traditional table salts
depending on their origin and type of salt. Fourteen samples were selected: seven
trom fleur de sel and seven from coarse salts, corresponding to seven distinct regions
of the Portuguese territory. The concentration of microplastics, depending on salts’
origin, ranged between 595 and 5090 MPs/kg, in sea salt, and in Rio Maior’s well salt
it varied from 3325 to 6430 MPs/kg. By salt type, the concentration of microplastics in
the fleur de sel was 2320-6430 MPs/kg and in the coarse salt was 595-3985 MPs/kg. In
the analyzed table salt, the most abundant anthropogenic particles were fibers (64%)
and fragments (35%). The most predominant colors were transparent, blue, and black.
The concentration of microplastics did not vary significantly (p > 0.05) between fleur
de sel samples within different regions. However, statistically significant differences
were found between coarse salt samples from the various regions. The results, gathered
from this study, demonstrate the high contamination within artisanal Portuguese
table salts, thus, becoming crucial to develop more future research, leading to a better
understanding of the health risks associated with salt consumption.

Keywords: contamination, food security, microplastic, Portugal, table salt

1. Introduction

Plastics have played a fundamental role in man’s daily life since the invention of
Bakelite, the first synthetic polymer created by the chemist Leo Baekeland in 1907.
Newly synthetic polymers were developed in the following years. These were capable
of resisting higher temperatures without degrading, thus allowing the creation
of arevolutionary era, within all commercial sectors (mainly industrial, health,
and domestic), that shaped the habits of the future generations [1, 2]. The mass
production of plastic began in the 1950s and has since evolved exponentially. For
instance, in 2017, worldwide plastic production surpassed 348 million tons [3, 4].
Nevertheless, plastics have become persistent pollutants in the most diverse environ-
ments (atmospheric air, sources of freshwater, brackish, and saltwater, and soils)
mainly due to their industrial characteristics (durability, hydrophobic composition,
and plasticity) but also due to their improper handling over the years [1, 2, 5].

There are several ways in which plastic debris can reach the oceans, such as: (1)
terrestrial sources (e.g., rivers and estuaries), (2) several industrial sectors,
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(3) treated and untreated urban effluents, (4) and human activities (e.g., fishing) [6].
For example, our oceans receive, annually, a total of 4.8 to 12.7 million tons of plastic,
from which 1.15 to 2.41 million tons come directly from freshwater streams [5, 7, 8].
Several studies have been carried out over the last two decades regarding the problem
of plastics and their degradation into smaller particles. Since the 1970s, many scientists
have suspected the harmful effects of these anthropogenic particles on the environ-
ment [9-12]. However, it was not until the 1990s that microplastics were considered
and recognized as emerging pollutants. Therefore, scientists have been developing
identification methods to better understand this problem’s magnitude [13].

Microplastics (MPs) are characterized as plastic materials or fragments of small
proportions, with measurements inferior to 5 mm [14]. MPs existing in aquatic envi-
ronments may originate from primary sources (where they are designed and produced
for a specific purpose) or from secondary sources (resulting from the degradation of
larger plastic debris) [15]. In the oceans, the most prevalent synthetic polymers are
polypropylene (PP), polyethylene (PE), polystyrene (PS), polyvinyl chloride (PVC)
and polyethylene terephthalate (PET) [16]. Today we are often surrounded by the
presence of microplastics as they are everywhere; from our oceans, rivers, sediments,
living organisms, atmospheric air and even food resources [14, 17]. These synthetic
micropolymers have the ability to accumulate in our food chain, thus reaching various
types of organisms. Several studies have been conducted in recent years to understand
the potential impacts of these anthropogenic compounds on human health [6, 18].

In Portugal, the population is culturally linked to the sea and its resources, thus
becoming more exposed to pollution present in the Atlantic Ocean. In recent years,
several studies have been published about the accumulation of microplastics on
beaches [19-21], estuaries [22, 23] and aquatic organisms [22, 24, 25] in Portugal.
Moreover, many of these MPs had high concentrations of polychlorinated biphenyls
(PCBs), pesticides (e.g., DDTs), polycyclic aromatic hydrocarbons (PAHs), and other
persistent contaminants adsorbed to their surface [20, 26-28]. Additionally, all these
chemical compounds are capable of causing problems in various aquatic ecosystems
(such as marine, estuarine, lotic and lentic ecological communities). Hence, Yang
etal. [14] hypothesized that saltwater-based commercial table salts were possibly
contaminated, since oceans are polluted by plastic debris. In their work, the presence
of MPs was analyzed in numerous types of Chinese sea salt brands, where it was found
7-681 MPs/kg of sea salt. After this first study was published, six others were able to
characterize and identify (with relevant results) the presence of MPs in commercial
table salts, with their concentrations varying mostly between sites [3, 5, 8, 29-31].

Considering that sodium (Na*) is an essential element for our well-being [3] and the
above information, it can be assumed that MP intake may vary depending on the coun-
try’s gastronomic culture and environmental pollution. For example, WHO suggests a
maximum daily intake of 5 g of salt, however, the Portuguese population consumes, on
average, 3 g more than the recommended [32]. We can then assume that the Portuguese
people are subject to a greater exposure of microplastics via table salt consumption.
Therefore, this study aims to analyze the available Portuguese table salts and determine
the degree of microplastic contamination, depending on their origin and type of salt.

2. Methods and materials
2.1. Study area and sample collection
A total of seven geographically distinct saltworks were previously identified and

selected for this study: Aveiro (Av), Figueira da Foz (FF), Rio Maior (RM), Tejo
(Tj), Olhdo (OI), Tavira (Tv) and Castro Marim (CM) (Figure1). In each region,
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samples of fleur de sel and artisanal coarse salt were collected (n, = 14), in triplicate,
between February-April 2019 under the same brand.

Depending on their origin, salts can have different designations. In all the
selected saltworks, except for RM, both fleur de sel and coarse salt are produced
through the solar evaporation of brackish and/or marine waters. Thus, salt origi-
nated from these solar saltworks is commonly named sea salt. However, in RM’s
saltworks the salt is produced from the storm- and groundwater that leaches the
halite deposits, present in the region, to form a brine. This one is then collected in
open solar saltworks and undergoes the same evaporation processes as the remain-
ing. Therefore, this type of salt is designated as “well salt” [33].

The packages obtained from fleur de sel and artisanal coarse salt were sold in
plastic bags of 200-250 and 1000-1500 g, respectively. Previous studies have
already shown that plastic packaging does not influence the concentration of MPs in
the final results [5, 8, 31].

2.2. Preventive methods of contamination

A protocol, based on published studies [5, 14, 29], was developed to prevent
microplastic contamination throughout the study. Protective gloves and white coats
were implemented when handling any material or reagent, since numerous plastic
fibers can be found in our hands and clothing, which can have in its composition
synthetic fibers (e.g., polyester, nylon...) [34]. Moreover, all equipment was cleaned
with previously filtered deionized water and 70% (v/v) ethanol. Finally, materials
were protected and/or sealed [29].

Atlantic ‘
Ocean 9
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q Figueira da Foz

. 4 QRmMaaol i ) Spain
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Tavir:
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Figure 1.
Location of Portugals main saltworks and respective sampling sites.
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The deionized water used during the study was previously filtered with the aid
of a vacuum pump using a 1 pm porosity cellulose nitrate membrane (Whatman®;
CAT: 7190-002), thus, removing possible microplastic contamination. This filtered
water was used to clean the equipment and dissolve the tested table salts, thus,
preventing any contamination from external sources via microplastics [14].

2.3. Microplastic extraction and identification

The microplastic extraction from both salt types was performed according to
Iniguez et al. [5], with some modifications. Briefly, 200 g of salt (fleur de sel or
coarse salt) was homogeneously dissolved in 1 L of previously filtered deionized
water. Next, the solution was placed in a centrifuge for 1 h at 1900 rpm in order to
isolate the denser (in)organic material from the supernatant [5]. The supernatant
was subsequently collected and filtered with the aid of a vacuum pump using a
5 pm porosity cellulose nitrate filter (Whatman®; CAT: 7195-004). According to
Branca [35], the plastic particles are expected to be suspended in the supernatant
due to density differences. Nevertheless, preliminary tests were performed to assess
whether certain microplastics were “trapped”, or not, in the precipitate. No micro-
plastics were found in all of the precipitates. After filtration, the membranes were
carefully collected, preserved and sealed in Petri dishes and allowed to dry at room
temperature. Each Petri dish was previously brushed with petroleum jelly to fix the
membrane and avoid, consequently, the plastic microparticles displacement during
microscopic or stereoscopic manipulations. All filtrations and hand-manipulations
were performed inside a fume chamber, hence, avoiding any kind of atmospheric
contamination [29].

The visual identification of microplastics was performed using a stereoscope
(Carl Zeiss Stemi DV4 CLS120X) and a camera. A total of 59 membrane filters were
recorded since some replicas required more than one membrane due to clogging.
The open software Image] (v1.80) was used to analyze each collected picture. The
classification of microplastics was made according to their shape and color [3]
(Table1).

Shape Color

* Fibers, thin plastics and often cylindrical in shape. Beige

* Films, thin and flat plastics. Black

* Fragments, microplastics with an irregular shape and/or surface. * Blue

* Microspheres, perfectly round plastic particles. Brown

* Styrofoam, a lightweight polymer with a sponge-like texture. * Gray

Green

Multicolor

Orange
Pink
* Red

Transparent

Violet

White
Yellow

Table 1.
Microplastics classification according to their shape and color as used in this study (adapted from [3]).
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2.4. Data analysis

A one-way ANOVA, followed by Tukey’s HSD multiple comparison test, was
performed in order to discover significant statistical differences between the abun-
dance of microplastics of each region, for the same salt type (fleur de sel and coarse
salt). Homogeneity and normality tests were applied to the data to validate the tests.
Additionally, several independent sample ¢-student tests were employed to under-
stand the differences between salt types, in each saltworks region. All analyses were
performed with a significance level of 0.05. All statistical tests were performed
using the SPSS v25 software.

3. Results
3.1. Presence of microplastics in Portuguese salt

In this study, all samples (7, = 14) of artisanal fleur de sel and coarse salt were
contaminated by microplastics. Overall, 23,175 anthropogenic plastic micropar-
ticles were analyzed, of which approximately 64% corresponded to fibers, 35% to
irregular fragments, and only <1% to films (Figure 2A). Indeed, fibers were the

Films
0.73%
Fragments
35.34%
\ Fibers
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80%
-
£
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Aveiro Figueira da Foz Rio Maior Tejo Olhao Tavira Castro Marim

DOFibers OFmagments @Films

Figure 2.
Percentage of the different shapes of microplastics identified (A) throughout the study and (B) in each saltworks
region. Microspheres and Styrofoam microparticles were not found. FS—Fleur de sel; CS—Coarse salt.
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most predominant type of microplastic (>50%) present in all the studied regions,
except in Rio Maior and Olhéo (Figure 2B). Here, a higher percentage of fragments
(51.8 and 56.5%, respectively) was found in coarse salt and fleur de sel, respectively.
Films were also present in all samples, although in lower percentages (<2.5%) when
compared to the other microplastic shapes (Figure 2B). No spherical and Styrofoam
microparticles were identified in all samples.

The most common colors found were transparent (54.9%), blue (15.3%), and
black (14.6%), corresponding to roughly 85% of the analyzed microplastic poly-
mers (Figure 3A). Gray and green accounted for about 4.6 and 3.2%, respectively.
The remaining 7.5% includes microplastics with the colors designated as yellow,
white, beige, brown, orange, pink, red, and violet (Figure 3A).

According to Figure 3B, transparent was the most predominant color (>40%)
throughout all sampled regions. From the remaining colors, blue and black proved
to be the most prevalent in all regions when compared to the remaining colors
(Figure 3B). No multicolored microplastics were found in this study.

Moreover, it was possible to observe a high amount of lesser dense organic mat-
ter throughout the membrane filter analysis (e.g., small invertebrates, Artemia sp.
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Figure 3.

Peycentage of the different colors of microplastics identified (A) throughout the study and (B) in each saltworks
region. “Other” represents the sum between the following colors: beige, brown, orange, pink, ved, violet, yellow,
and white. No multicolor microplastics were identified. FS—Fleur de sel; CS—Coarse salt.
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cysts, feathers, vegetal organic matter...; Figure 4), which demonstrates the degree
of impurities present in these types of salt.

3.2. Fleur de sel vs. coarse salt

Figure 5 shows the significant differences between the different types of
salt (artisanal fleur de sel and coarse salt) in each saltworks’ region. According
to Figure 5, significantly higher values (p < 0.05) of microplastics in the fleur
de sel were found in all studied regions, when compared to coarse salt (Av —
tw = 2816,p =0.048; FF - Lt = 4000,p = 0.016; Tj —tw = 7376,}7 =0.002;
Ol -t4) =2.990, p = 0.040; Tv —t(4) = 5.249, p = 0.006), except for Rio Maior’s
(tay = 1.457, p = 0.219) and Castro Marim’s (£ = 2.152, p = 0.098) saltworks (see
Table 2 for mean and standard deviation values). Moreover, regarding artisanal
coarse salt, statistically significant differences were detected between regions
according to the one-way ANOVA (F 614y = 18.752, p = .000). Tukey’s post hoc
test revealed that Rio Maior artisanal coarse salt contains a significantly higher
amount of microplastics than the coarse salt from the other regions studied
(Av, p = 0.012; FF, p = 0.000; Tj, p = 0.000; Ol, p = 0.000; Tv, p = 0.000; CM,
p = 0.001). However, there was no statistically significant differences (p > 0.05)
between the different fleur de sel samples from the various studied saltworks
(p = 0.170).

Additionally, the region who presented the highest quantities of microplas-
tics in artisanal fleur de sel and coarse salt was Rio Maior (4830.0 + 1408.0 and
3611.7 + 338.4, respectively). The lowest amount of fleur de sel and coarse salt
was found in the two most southeastern saltworks of Portugal: Castro Marim
(2798.3 + 595.3) and Tavira (666.7 + 72.5), respectively (Table 2).

Figure 4.

Different types of organic and inorganic particles found in artisanal table salts: (A) Artemia sp. cysts,
present in most of fleur de sel samples; (B) an invertebrates’ chitin; (C) insects body; (D, F, I) overview of
a membrane filter being analyzed; (E) birds’ feather; (G) a mesoplastic, with more than 5 mm; (H) blue
microplastic fragment, identified in most samples across regions.
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7000 4
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1 000

Figueira da Foz Rio Maior

Figures.

Comparison between the abundance of plastic microparticles present in the artisanal fleur de sel (FS) and
coarse salt (CS) from the various saltworks selected for this study. Each value represents the mean + standard
deviation. Asterisks represent statistically significant differences between fleur de sel and coarse salt according
to Student’s t-test. *—p < 0.05; **—p < 0.01. Different letters vepresent statistically significant differences

(p < 0.05) between samples of artisanal coarse salt across the various regions studied. There are no statistically
significant differences (p > 0.05) between the samples of fleur de sel.

Microplastic particles per kilogram (Kg)

Fleur de sel Coarsessalt
Min Max Mean SD Min Max Mean SD
Av 3120 5050 4420.0 1126.0 1670 2735 23517 591.9
FF 2675 3730 3320.0 565.4 1085 2040 1603.3 482.7
RM 3780 6430 4830.0 1408.0 3985 3900 3611.7 3384
Tj 3255 3900 36217 3315 1030 1830 1390.0 406.0
0l 2395 4070 3108.3 864.7 1585 1630 1615.0 21.2
Tv 2510 4235 3310.0 869.3 595 740 666.7 725
CM 2320 3465 27983 595.3 1700 2270 19783 2852

Table 2.

Minimum (min) and maximum (max) values of the number of microplastic particles per kilogram (kg), and
respective mean and standard deviation (SD) for the different types of artisanal table salt (fleur de sel and
coarse salt) collected in all regions.

4. Discussion

The main purpose of this study was to assess the level of anthropogenic contami-
nation via microplastic particles of two types of table salts present in the Portuguese
territory. Seven different locations were selected, where both artisanal fleur de sel
and coarse salt were obtained for analysis, from the same brand.

In Portugal, the vast majority of the salt production starts by capturing sea-
water, due to tidal changes, into several successive ponds with different widths
and heights. Next, it undergoes through various evaporation processes, due to
the wind and solar actions, improving the salt crystals’ precipitation. The coarse
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salt is then collected, roughly washed, and packaged. On the other hand, fleur de
sel is only the first surface layer of formed salt produced in saltworks. This type
of table salt is collected and immediately packaged without being previously
cleaned [36]. Nevertheless, some types of salts may undergo sanitization, as well
as a refining process, before packaging [8]. Therefore, to understand the level

of contamination existing in the Portuguese saltworks, all the salts acquired for
this study were of artisanal origin, i.e., no refinement or industrial treatment
was applied.

Once samples were analyzed, it was evident the presence of a high MP concen-
tration compared to other studies already carried out in several countries (Table 3).
These values may be a direct proof of the lack of refinement or treatment processes
that undergo in Portuguese saltworks, thus, reflecting the traditional methods still
used nowadays. Most studies related to the presence of microplastics in table salt
samples either used refined, treated salts and/or salts from which there is no infor-
mation on their treatment [5, 8, 14, 30, 31]. Hence, it becomes important to study
and understand how refining processes influence the abundance of microplastics in
table salts.

Overall, fleur de sel presented always higher contamination values of MPs
than those found in coarse salts. These salt “scales” are formed at the crystal-
lizers’ surface and, as such, greater air contamination of plastic particles is
expected [2]. Also, since it does not undergo any cleaning process up to its
packaging, it is expected a higher concentration of MPs, when compared to
artisanal coarse salt.

Moreover, laboratory errors should be considered while manipulating samples.
For instance, MPs were only analyzed using a stereoscope, with most of them
measuring less than 500 pm. However, several studies indicate that from this size

Abundance of MPs per Kg(ngamples) Predominant References
Seasalt Well salt Fleur de sel Shapes Colors
550-681 7-204 — Ft/Fb BLa/G/BLu/W [14]
©) ®)
50-280 115-185 — Fb BLa/G/ BLW/W [5]
(16) ©)
0-10 0 — Fr/Fb/Fl ND [3]
17) (&)
16-84 — — Fb/Fr/Fl ND [29]
)
46.7-806 113-367 — Fb/Fr BLu/G/R/T [30]
(11 (€
22-19,800 — — Fr/Fb BLa/T/G/BLu [31]
(12)
0-13,629 0-148 — Ft/Fb W/T/BLa/BLu 8]
(28) ©
595-5090 3325-6430 2320-6430 Fb/Fr T/BLu/BLa This study

(6) @ @

The micvoplastic particles are ovdered from most to least predominant.
Fr—Fragments; Fb—Fibers; Fl—Films; BLa—Black; BLu—Blue; G—Green; R—Red; T—Transparent;
W—White; ND—No data.

Table 3.
Comparison between the concentrations of MPs found in several published articles and the current study.
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an underestimation of the real value may occur. Hidalgo-Ruiz et al. [37], stated
that the visual identification of MPs is a valid method for dimensions superior to
500 pm, while MPs smaller than this threshold need to be analyzed using stricter
methodologies. A visual identification-only approach can lead to underestimations
ranging from 20% [38] to 70% [37], with that percentage increasing inversely with
MPs’ size [31].

Among the studies conducted so far, two presented similar results to those
found in the Portuguese table salts: Renzi and Blaskovié¢ [31] analyzed sea salt
from Italy and Croatia and found between 22 and 19,800 MPs/Kg; and Kim et al.
[8], that discovered O to 13,629 MPs/Kg and 0 to 148 MPs/Kg in sea salt and well
salt, respectively, from worldwide salt samples. In this study, values ranged from
595 to 5090 MPs/Kg in sea salt and from 3325 to 6430 MPs/kg in Rio Maior’s
well salt.

Regarding fleur de sel, values ranged from 2320 to 6430 MPs/Kg and, for
coarse salt, between 595 and 3985 MPs/Kg. Until now, only Portuguese salt has
had a higher concentration of MPs in well salt [33], when compared to sea salt.
Unfortunately, there is a lack of studies in other regions with similar characteristics
to Rio Maior’s saltworks, which do not allow for further data analysis. Concerning
the MPs classification (shape and color), this study presented similar results to
Gundogdu [29], Ifiiguez et al. [5], and Kosuth et al. [30], with fibers and frag-
ments being the most predominant overall, as well as, black, blue, and transparent
microplastics.

Therefore, we can argue that regardless of its source, microplastic contamination
in table salts is an emerging concern, mainly due to their public health implications
and environmental pollution. Indeed, microplastics are consumed not only through
table salts but also via tap water, beer, honey [30], atmospheric air [2] and a wide
variety of seafood. In fact, bivalves are the most studied group of animals since
most species are filterers and become easily contaminated [39-41]. Microplastics
can be hazardous already by themselves in the environment, however, they also
function as transporters/emitters of persistent organic pollutants (e.g., bisphenol A,
organochlorides) due to their adsorption ability. Hence, it is important to inves-
tigate and evaluate possible transmission risks in which microplastics may affect
public health [5].

The World Health Organization recommends a maximum daily salt (Na*)
intake of 5.0 g/day. Nevertheless, the Portuguese population generally consumes
8.0 g/day, due to a strong and rooted gastronomic culture. Therefore, with the
values obtained in this study, Portuguese people would consume, on average,
approximately 7443 or 12,325 MPs/year depending on the table salts origin
(sea salt and well salt, respectively). If we calculate by the salt type, an average
Portuguese person can consume 5551 or 10,769 MPs/year if they consume only
coarse salt or fleur de sel, respectively. However, these values are only theoretical
and that in reality the amount MPs ingested is relatively smaller, since WHO also
takes into account the salt found in food additives and processed food for the
maximum daily salt intake threshold [3].

5. Conclusions

The present study was the first to assess the presence/absence of microplastic
polymers in fleur de sel, a type of salt formed at the surface of saltworks’ crystal-
lizers. Overall, microplastics were found in all samples of Portuguese table salt,
regardless of their origin and type, with higher contamination values being found
in Rio Maior’s “well salt”.
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Moreover, more studies are needed, since salt is a very common and well-
rooted ingredient in Portuguese gastronomic culture. In fact, there are other
available table salts to the population that were not studied yet. Additionally,
new management tools need to be applied to decrease the concentration of
impurities (e.g., insects’ feathers, exoskeletons, etc.,...) and contaminants, such
as microplastics.

Nowadays, research needs to be increasingly strengthened regarding
microplastics contamination so that better regulations can exist together with
a broader understanding. Also, these regulations need to be supported by
government agencies in order to implement actions that reduce the emission of
plastics into the environment and, thus, preventing environmental and human
impairments.

Acknowledgements

This study was funded by the “Fundagdo para a Ciéncia e a Tecnologia, I.P.
(FCT), Portugal, with national funds (FCT/MCTES, “orcamento de Estado”,
project reference PTDC/MAR-PRO/1851/2014), and the European Regional
Development Fund (ERDF) through the COMPETE 2020 program (POCI-01-
0145-FEDER-016885) through the project “PLASTICGLOBAL—Assessment of
plastic-mediated chemicals transfer in food webs of deep, coastal and estuarine
ecosystems under global change scenarios” that is also funded by the Lisboa
2020 program (LISBOA-01-0145-FEDER-016885). The study was also sup-
ported by the Strategic Funding UID/Multi/04423/2013 through national funds
provided by FCT and ERDF in the framework of the program Portugal 2020 to
CIIMAR.

Conflict of interest

The authors declare no conflict of interest.

13



Inland Waters - Dynamics and Ecology

Author details
Ana Sofia Soares!, Carlos Pinheiro®?, Uira Oliveira®? and Maria Natividade Vieira®**
1 Abel Salazar Institute of Biomedical Sciences, Porto, Portugal

2 Faculty of Sciences, University of Porto, Porto, Portugal

3 Interdisciplinary Centre of Marine and Environmental Research, Matosinhos,
Portugal

*Address all correspondence to: mnvieira@fc.up.pt

IntechOpen

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

14



Microplastic Pollution in Portuguese Saltworks
DOI: http://dx.doi.org/10.5772/intechopen.91476

References

[1] Barnes DK, Galgani F,

Thompson RC, Barlaz M. Accumulation
and fragmentation of plastic debris in
global environments. Philosophical
Transactions of the Royal Society
London B Biological Sciences.
2009;364:1985-1998. DOI: 10.1098/
rstb.2008.0205

[2] Lusher A. Microplastics in the marine
environment: Distribution, interactions
and effects. In: Bergmann M,

Gutow L, Klages M, editors. Marine
Anthropogenic Litter. 1st ed. Cham:
Springer; 2015. pp. 245-307. DOI:
10.1007/978-3-319-16510-3_10

[3] Karami A, Golieskardi A, Keong
Choo C, Larat V, Galloway TS,
Salamatinia B. The presence of
microplastics in commercial salts from
different countries. Science Reports.
2017;7:1-11. DOI: 10.1038/srep46173

[4] Plastic Europe. An Analysis

of European Plastics Production,
Demand and Waste Data [Internet].
2018. Available from: https://www.
plasticseurope.org/application/
files/6315/4510/9658/Plastics_the_
facts 2018_AF web.pdf

[5] Iniguez ME, Conesa JA,

Fullana A. Microplastics in Spanish
table salt. Science Reports. 2017;7:1-7.
DOI: 10.1038/s41598-017-09128-x

[6] Barboza LGA, Dick Vethaak A,
Lavorante B, Lundebye AK,
Guilhermino L. Marine microplastic
debris: An emerging issue for food
security, food safety and human
health. Marine Pollution Bulletin.
2018;133:336-348. DOI: 10.1016/j.
marpolbul.2018.05.047

[7] Jambeck JR, Geyer R, Wilcox C,
Siegler TR, Perryman M, Andrady A,

et al. Plastic waste inputs from land into
the ocean. Science. 2015;347:768-771.
DOI: 10.1126/science.1260352

15

[8] Kim JS, Lee HJ, Kim SK, Kim HJ.
Global pattern of microplastics (MPs) in
commercial food-grade salts: Sea salt as
an indicator of seawater MP pollution.
Environmental Science & Technology.
2018;52:12819-12828. DOI: 10.1021/acs.
est.8b04180

[9] Austin HM, Stoops-Glas PM. The
distribution of polystyrene spheres and
nibs in Block Island sound during 1972-
1973. Chesapeake Science. 1977;18:89-
92. DOI: 10.2307/1350372

[10] Carpenter EJ, Smith KL. Plastics
on the Sargasso Sea surface. Science.
1972;175:1240-1241. DOI: 10.1126/
science.175.4027.1240

[11] Colton JB, Burns BR, Knapp FD.
Plastic particles in surface waters of
the Northwestern Atlantic. Science.
1974;185:491-497. DOI: 10.1126/
science.185.4150.491

[12] Kartar S, Milne RA, Sainsbury M.
Polystyrene waste in the Severn estuary.
Marine Pollution Bulletin. 1973;4:144.
DOI: 10.1016/0025-326X(73)90010-6

[13] Critchell K, Bauer-Civiello A,
Benham C, Berry K, Eagle L, Hamann M,
et al. Plastic pollution in the coastal
environment: Current challenges

and future solutions. In: Wolanski E,
Day JW, Elliot M, Ramachandran R,
editors. Coasts and Estuaries. 1st ed.
Amsterdam, Netherlands: Elsevier;
2019. pp. 595-609. DOI: 10.1016/
B978-0-12-814003-1.00034-4

[14] Yang D, ShiH, Li L, Li], Jabeen K,
Kolandhasamy P. Microplastic pollution
in table salts from China. Environmental
Science & Technology. 2015;49:13622-
13627. DOI: 10.1021/acs.est.5b03163

[15] OSPAR. Assessment Document of
Land-Based Inputs of Microplastics in
the Marine Environment [Internet].
2017. Available from: https://www.ospar.
org/documents?v=38018



Inland Waters - Dynamics and Ecology

[16] Guzzetti E, Sureda A,

Tejada S, Faggio C. Microplastic in
marine organism: Environmental and
toxicological effects. Environmental
Toxicology and Pharmacology.
2018;64:164-171. DOI: 10.1016/j.
etap.2018.10.009

[171Li], QuX, SuL, Zhang W, Yang D,
Kolandhasamy P, et al. Microplastics
in mussels along the coastal waters

of China. Environmental Pollution.
2016;214:177-184. DOI: 10.1016/j.
envpol.2016.04.012

[18] Pinheiro C, Oliveira U,

Vieira MN. Occurrence and impacts
of microplastics in freshwater fish.
Journal of Aquaculture and Marine
Biology. 2017;5:00138. DOI: 10.15406/
jamb.2017.05.00138

[19] Antunes J, Frias ],

Sobral P. Microplastics on the
Portuguese coast. Marine Pollution
Bulletin. 2018;131:294-302. DOLI:
10.1016/j.marpolbul.2018.04.025

[20] Antunes JC, Frias JGL, Micaelo AC,
Sobral P. Resin pellets from beaches

of the Portuguese coast and adsorbed
persistent organic pollutants. Estuarine,
Coastal and Shelf Science. 2013;130:62-
69. DOI: 10.1016/j.ecss.2013.06.016

[21] Martins J, Sobral P. Plastic marine
debris on the Portuguese coastline:

A matter of size? Marine Pollution
Bulletin. 2011;62:2649-2653. DOI:
10.1016/j.marpolbul.2011.09.028

[22] Bessa F, Barria P, Neto JM, Frias]J,
OteroV, Sobral P, et al. Occurrence

of microplastics in commercial fish
from a natural estuarine environment.
Marine Pollution Bulletin.
2018;128:575-584. DOI: 10.1016/j.
marpolbul.2018.01.044

[23] Rodrigues SM, Almeida CMR,
Silva D, Cunha J, Antunes C, FreitasV,
et al. Microplastic contamination in
an urban estuary: Abundance and

16

distribution of microplastics and
fish larvae in the Douro estuary.
Science of the Total Environment.
2019;659:1071-1081. DOI: 10.1016/j.
scitotenv.2018.12.273

[24] Frias JP, Otero V, Sobral P. Evidence
of microplastics in samples of
zooplankton from Portuguese coastal
waters. Marine Environmental
Research. 2014;95:89-95. DOI: 10.1016/j.
marenvres.2014.01.001

[25] Neves D, Sobral P, Ferreira JL,
Pereira T. Ingestion of microplastics
by commerecial fish off the Portuguese
coast. Marine Pollution Bulletin.
2015;101:119-126. DOI: 10.1016/j.
marpolbul.2015.11.008

[26] Frias JP, Sobral P, Ferreira AM.
Organic pollutants in microplastics
from two beaches of the Portuguese
coast. Marine Pollution Bulletin.
2010;60:1988-1992. DOI: 10.1016/j.
marpolbul.2010.07.030

[27] Mizukawa K, Takada H, Ito M,
Geok YB, Hosoda J, Yamashita R,

et al. Monitoring of a wide range
of organic micropollutants on the
Portuguese coast using plastic resin
pellets. Marine Pollution Bulletin.
2013;70:296-302. DOI: 10.1016/j.
marpolbul.2013.02.008

[28] Ogata Y, Takada H, Mizukawa K,
Hirai H, Iwasa S, Endo S, et al.
International Pellet Watch: Global
monitoring of persistent organic
pollutants (POPs) in coastal waters.
1. Initial phase data on PCBs, DDTs,
and HCHs. Marine Pollution Bulletin.
2009;58:1437-1446. DOI: 10.1016/j.
marpolbul.2009.06.014

[29] Glindogdu S. Contamination

of table salts from Turkey with
microplastics. Food additives &
contaminants. Part A, Chemistry,
analysis, control, exposure & risk
assessment. 2018;35:1006-1014. DOL:
10.1080/19440049.2018.1447694



Microplastic Pollution in Portuguese Saltworks
DOI: http://dx.doi.org/10.5772/intechopen.91476

[30] Kosuth M, Mason SA,
Wattenberg EV. Anthropogenic
contamination of tap water, beer, and
sea salt. PLoS One. 2018;13:1-18. DOI:
10.1371/journal.pone.0194970

[31] Renzi M, Blaskovic A. Litter &
microplastics features in table salts
from marine origin: Italian versus
Croatian brands. Marine Pollution
Bulletin. 2018;135:62-68. DOI: 10.1016/j.
marpolbul.2018.06.065

[32] Santos M, Nascimento AC,
Santiago S, Gama AC, Calhau MA. O
sal na alimentacdo dos portugueses.
Instituto Nacional de Satde. 2016;8:17-
20. DOI: 10400.18/4125

[33] Calado C, Brandio JM. Salinas
interiores em Portugal: O caso das
marinhas de Rio Maior. Geonovas.
2009;22:45-54. DOI: 10400.9/926

[34] Napper IE, Thompson RC. Release
of synthetic microplastic plastic fibres
from domestic washing machines:
Effects of fabric type and washing
conditions. Marine Pollution Bulletin.
2016;112:39-45. DOI: 10.1016/j.
marpolbul.2016.09.025

[35] Branca DL. Uniformity of low
density fibrous structures and the
effects of manufacturing processes on
apparent density [thesis]. Syracuse:
State University of New York College of
Environmental Science and Forestry;
2007

[36] Rodrigues CM, Bio A, AmatF,
Vieira MN. Artisanal salt production
in Aveiro/Portugal-an ecofriendly
process. Saline Systems. 2011;7:3. DOLI:
10.1186/1746-1448-7-3

[37] Hidalgo-Ruz V, Gutow L,
Thompson RC, Thiel M. Microplastics
in the marine environment: A review of
the methods used for identification and
quantification. Environmental Science
& Technology. 2012;46:3060-3075. DOI:
10.1021/es2031505

17

[38] Eriksen M, Mason S, Wilson S,
Box C, Zellers A, Edwards W, et al.
Microplastic pollution in the surface
waters of the Laurentian Great
Lakes. Marine Pollution Bulletin.
2013;77:177-182. DOI: 10.1016/j.
marpolbul.2013.10.007

[39] Davidson K, Dudas SE. Microplastic
ingestion by wild and cultured Manila
clams (Venerupis philippinarum)

from Baynes Sound, British

Columbia. Archives of Environmental
Contamination and Toxicology.
2016;71:147-156. DOI: 10.1007/
s00244-016-0286-4

[40] Foekema EM, De Gruijter C,
Mergia MT, van Franeker JA, Murk A]J,
Koelmans AA. Plastic in North Sea fish.
Environmental Science & Technology.
2013;47:8818-8824. DOI: 10.1021/
es400931b

[41] van Cauwenberghe L, Janssen CR.
Microplastics in bivalves cultured for
human consumption. Environmental
Pollution. 2014;193:65-70. DOI:
10.1016/j.envpol.2014.06.010






Chapter 2

Systemic-Entropic Approach for
Assessing Water Quality of Rivers,
Reservoirs, and Lakes

Gevorg Simonyan

Abstract

Water is a nonrenewable resource, and its unsustainable use almost everywhere
has led to a decrease in water quality. The development of water quality indices and
the introduction of indexing methods used in assessing the quality of surface waters
(pollution) are particularly relevant in recent years. As a result of anthropogenic
pollution of the aquatic environment, the entropy of the system changes, which is
not always taken into account in hydrochemical studies. This chapter analyzes
dozens of freshwater quality indicators existing in science literature and presents
the advantages of the water quality indicators developed by the author and col-
leagues: the geoecological evolving organized index (GEVORG), and the Armenian
Water Quality Index. Water quality analyses have been tested for most of the rivers,
reservoirs, and lakes of Armenia. It was found that the Armenian Water Quality
Index has a linear relationship with most water quality indexes, and an inverse
relationship with the Canadian Water Quality Index. The quality of river and
reservoir water has been assessed according to the new standards for background
concentrations.

Keywords: water quality index, GEVORG index, Armenian Water Quality Index,
rivers, reservoirs and lakes

1. Introduction

Water resources play a vital role in various sectors of economy, such as indus-
trial activities, agriculture, forestry, fisheries, hydropower, and other creative
activities [1].

The study of the ecological status of rivers, reservoirs, and lakes in Armenia
is important for assessing the quality of their water, as well as for their further
rational use.

The suitability of water sources for human consumption is studied using a water
quality index (WQI), which is one of the most effective ways to describe water
quality. WQI uses water quality data and helps in changing policies that are formu-
lated by various environmental monitoring agencies [2].

WQI was first developed by Horton (HWQI) [3] in the United States, and is
based on the 10 most frequently used water quality variables, such as dissolved
oxygen (DO), pH, coliform, conductivity, alkalinity, chloride, etc., which are
widely used and accepted in European, African, and Asian countries. Horton placed

19 IntechOpen



Inland Waters - Dynamics and Ecology

grading scales and weights for determining factors to give the relative importance of
each parameter for assessing water quality. Furthermore, a new WQI similar to
Horton’s index has also been developed by the group of Brown in 1970 [4], which is
based on weights to individual parameter. Recently, many modifications have been
considered for WQI (BWQI) concept by various scientists and experts. Canadian
Council of Ministers of the Environment has developed a WQI, Canadian Water
Quality Index (CWQI), which can be applied by many water agencies in various
countries with slight modification [5]. In 1995, the Canadian Ministry of the Envi-
ronment developed the British Columbia Water Quality Index [6]. The Oregon Water
Quality Index (OWQI) takes into account eight water quality variables (temperature,
DO, pH, BOD, total phosphorus, total solids, fecal E. coli, ammonia, and nitrate
nitrogen). The Delphi method has been used to select variables [7]. Malaysia Water
Quality Index (MWQI) developed by the Department of the Environment of Malay-
sia was successfully applied for measuring water quality of 462 rivers in Malaysia. The
calculation includes six water parameters: DO, BOD, COD, ammonia nitrogen,
suspended solids, and pH [7]. The Bascaron Water Quality Index was developed by
Bascarén specifically for Spain [8]. In 1976, the Scottish Engineering Department
improved and developed the Scottish Water Quality Index [9]. An effective gradation
index for diagnosing a generalized river quality has been developed and illustrated
with the case study of the Keya River in Taiwan (TWGI) [10]. The Universal Water
Quality Index for Turkey was developed by Boyacioglu [11] based on water quality
standards set by the Council of European Communities. Sargaonkar and Deshpande
[12] developed Overall Index of Pollution (OIP) for Indian rivers based on measure-
ments and subsequent classification of pH, turbidity, dissolved oxygen, BOD, hard-
ness, total dissolved solids, total coliforms, arsenic, and fluoride.

Some indexes and their variables are given in Table 1.

For the evaluation of the degree of water contamination, the comprehensive
indicators are used, which make it possible to evaluate the contamination of water
at the same time on a wide range of quality indicators. Water Contamination Index
(WCI), CWQ], and specific combinatorial water quality index (SCWQI) are used
for the evaluation of surface water quality in Republic of Armenia [5, 13, 14]. It
must be noted that most developed complex characteristics of water bodies are in
one way or another connected with the existing maximum allowable concentration
(MAC) [15, 16].

According to the Water Framework Directive (WFA) (2000/60/EC) developed
by the European Union (EU), all European surface waters should be in good eco-
logical condition after 2015, and water bodies with poor quality water should be
improved through targeted measuring. Each EU Member State has developed
schemes for water quality classification according to WFD [17]. For example, in
France, the SEQ-system is used for the classification of river water quality,
consisting of three sections. To classify water quality, 15 descriptors are separated
into 156 indicators, taking into account similar factors and effects. The evaluation is
carried out using the boundary value table, which defines the boundaries of classes.

The index values are calculated based on parameters, which are classified into
five classes based on the water usability. Germany’s chemical quality classification
scheme consists of four main classes and three subclasses, with a similar biological
classification. The grades obtained are mapped through color codes.

Water quality assessment in the Danube River Basin according to the EU WFD
(2000/60/EC) program is carried out according to separate indicators [17, 18]. In
this classification scheme, indicators are classified into five classes. Class I is
referred to as “reference” or background concentration; class II is a target value that
should be followed; classes III-V are part of the “non-executable” classification
scheme and their values are usually 2-5 times higher than the target value.
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Parameters HWQI BWQI MWQI oOWQl OIR TWQI

DO + + + + + +

BODs + + + + +

COD ¥

pH + + + + + +

o
t + + + +

Conductivity +

Carbon chloroform extract +

Turbidity + + +

Hardness +

Suspended solids + +

Alkalinity +

Obvious pollution +

Sanitation facility +

Fecal E. coli +

Total coliforms +

Fecal coliforms count + + ¥

Nitrate +

Nitrate nitrogen +

Ammonia nitrogen + +

Ammonia +

Total phosphorus + +

Total dissolved solids + +

Total solid content +

Chloride +

Fluoride +

As +

Cd +

Cu +

Cr +

Pb +

Zn +

Table 1.
Some indexes and their variables.

According to the EU WFW Rural Water Quality Assessment, due to the lack of
biological monitoring, assessment was made only with the use of chemical indica-
tors of water quality. Natural background concentrations of hydrochemical indices
were taken into account. The determination of background concentrations
according to the EU WFD was performed using a statistical method using the
logarithmic probability distribution function. The expected background status of
the reference state is the absence or insignificance of anthropogenic pressure. It is
closely connected with background concentration (BC). Background concentration
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is the value of the water quality indicator concentration before exposure to any
source of pollution.

The Government of the Republic of Armenia (“Decree No. 75-N of March 27,
2011”) established a new system for assessing surface water quality in Armenia for
each water quality indicator for each watercourse [19]. The advantages of the new
water quality standards in Armenia are that, firstly, the classification of environ-
mental norms is based on natural BC, and secondly, the choice of indicators was
made taking into account the load on the surface waters of the Republic of Armenia
(based on 43 water indicators). The calculations of the BC took place in the RA
rivers in 2005-2010 hydrochemical monitoring.

In recent years, for a comprehensive assessment of surface water quality, we have
proposed the geoecological evolving organized index (GEVORG) or entropy water
quality index (EWQI) and the Armenian Water Quality Index (AWQI) [20, 21].

Using EWQI and AWQ)I, a comprehensive assessment of surface water quality
was carried out [22-26], and a structural analysis of the state of biological systems at
the level of proteins, ribonucleic acid, and cell [27, 28]; of the state of trees [29]; and
of the state of naftide systems [30] was made.

The aim of this work is to assess the water quality of the rivers, reservoirs, and
Lake Sevan using the Armenian Water Quality Index and for the WFD using BC.

2. Materials and methods
2.1 Study area
2.1.1 Rivers

Dzknaget River is a river in the Gegharkunik and Tavush regions of Armenia. It
is located in the eastern slopes of the Pambak Mountains and 1 km south of
Tsovagyugh in the north-western corner of Lake Sevan. The river’s length is 22 km.
In this river, the fish caviar of Lake Sevan are debugged. Partly because of this
reason, the river was named after a river of fish. There are two monitoring posts: No.
60-0.5 km above Semyonovka and No. 61—at the mouth of the river [31-33].

Masrik is a river in the Gegharkunik region of Armenia. It starts from the slopes
of the eastern Sevan Mountains and flows into Lake Sevan in the north of the village
of Tsovak. Its length is 45 km. The catchment area is 682 km?, and the annual runoff
is 131 million m>. There is a monitoring post, No. 63—at the river’s mouth [31-33].

Sotk (Zod), a river in the Gegharkunik region, is the right tributary of Masrik. It
starts from the western slopes of the eastern Sevan ridge at a height of 2670 m. The
length of the river is 21 km, the catchment basin area is 59.5 km”. In the upper and
middle streams, it flows through the V-shaped valley. Average annual expenditure
is 0.28 m?/s. Its water is used for irrigation. There are two monitoring posts: No. 64
—0.5 km from the mine top and No. 65—at the mouth of the river [31-33].

Vardenis River, is a river in the Gegharkunik region, in the Lake Sevan basin. It
starts from the northern slopes of the central part of the Vardenis Range, at an
altitude of 3215 m. The river’s length is 28 km, the catchment basin area is 116 km®.
River valley is V-shaped in the upper and middle currents, extending below it,
leaving the semi-desert plain and north of Lake Vardenik into Lake Sevan. Its water
is used for irrigation. There is a monitoring post, No. 70—at the mouth of the river
[31-33].

Martuni River, is a river in the Gegharkunik region, in the Lake Sevan basin. It
starts from the northern slopes of the Vardenis Ridge, at an altitude of 3300 meters.
Its length is 27.6 km, and the catchment basin area is 101 km?. River valley is a
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V-shaped at an upper flow, on average, a cane. There are two monitoring posts: No.
71—0.5 km from Geghahovit top and No. 72—at the mouth of the river [31-33].

Argichi is a river in the Gegharkunik region, in the basin of Lake Sevan; it starts
from the northern slope of the Gndasar mountains of the Geghama mountain range,
at a height of 2600 m. The river’s length is 51 km, and the drainage basin area is
384 km®. Its water is used for irrigation purposes and energy production. There is a
monitoring post, No. 74—at the river’s mouth [31-33].

Gavaraget is a river in the Gegharkunik region, in Lake Sevan basin. It starts
from the northern slope of the Geghama mountain range, at a height of 3050 m and
flows into Lake Sevan. The river’ length is 50 km, the drainage basin area is
480 km”. The river freezes in winter. Its water is used for irrigation purposes and
energy production. There is a monitoring post, No. 74—at the river’s mouth [31-33].

The locations and monitoring posts of all the mentioned rivers are given in
Figure 1.

2.1.2 Reservoirs

Akhurian Reservoir is located in the Akhurian River basin in Armenia and
Turkey. The reservoir has a surface area of 54 km?, and maximum length of 20 km.
It is one of the largest reservoirs in the Caucasus, with coordinates 40° 33’ 47.67" N
43°39'16.26" E

Lake Arpi is situated in the north-west of the Republic of Armenia. The lake is
fed by meltwater and four streams, and it is the source of the Akhurian River. Being
an alpine-specific ecosystem with its rare flora and fauna, it ensures ecological
balance of adjacent extensive area. The reservoir-lake is 7.3 km long and 4.3 km
wide, with an area of 20 km? and coordinates 41° 03’ 0” N 43° 37 00" E.

} 1 Republic of Armenia

Lake Sevan 122 EC s
] Y 5;7&
121 ®123 .

[ ] !\h‘ .62
1258 63\ gsri

127 "

72 12 70 69-\.\ 126_,!\-1.'%, %

\ !
n LR =
Figure 1.

Location of monitoring posts in Lake Sevan and rivers Dgknaget, Gavaraget, Argichi, Martuni, Vardenis,
Masrik, and Sotq.
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Yerevan Lake is an artificial reservoir located in the capital of Armenia in
Yerevan. The reservoir-lake Yerevan is 7.3 km long and 5.0 km wide, with an area of
0.65 km?” and coordinates 40° 9’ 35.04” N 44° 28’ 36.54" E.

Aparan Reservoir is located in the Aragatsotn region of Armenia. It has been
built on the river Kassah. It has an area of 7.9 km” and coordinates 40° 29’ 49" N 44°
26’ 07" E. Its water is used for irrigation.

Kechut Reservoir is located in the Vayots Dzor region of Armenia, on the river
Arpa, 3.5 km south of the resort town of Jermuk. The reservoir was built in 1981.
Water from it through the conduit enters Lake Sevan to regulate the level. It has
coordinates 39° 47' 54" N 45° 39’ 22" E.

Azat Reservoir is located in Armenia, in the Ararat region, above the village of
Lanjazat, at an altitude of 1050 m above sea level. The reservoir was built on the
Azat River. The volume of the lake is 70 million m?. Its water is used to irrigate the
Ararat Plain. It has coordinates 40° 04’ 00” N 44° 36’ 00” E [21, 31-33].

2.1.3 Lake Sevan

Lake Sevan is located in the north-eastern part of the Armenian Highland, in the
Gegharkunik Region. Sevan is considered to be one of the three ancient and biggest
lakes (Vana and Urmia) of the Armenian Kingdom. It was called the “blue eyes” of
Armenia and is surrounded by Geghama, Vardenis, Pambak, Sevan, and Areguni
mountain chains. The blue beauty of Armenia is situated at an altitude of 1900 m
above sea level and the total surface area is about 5000 km”. It was famously known
as “Geghama Tsov (in English sea), Gegharkunyats Tsov.” It is the world’s second-
highest lake with freshwater after the Titicaca in South America and is the largest in
the South Caucasus. The lake’s length is 70 km, and maximum width is 55 km. It has
an area of 1240 km? (1360 km? before the level is lowered). Twenty-eight rivers
flow into the lake, the largest of which reaches a length of 50 km. Only one river
flows from Sevan-Hrazdan, which flows into the Araks. The mineralization of water
is about 700 mg/l. Lake is of tectonic barren nature. The basin of the same name is
of tectonic origin, and the dam was formed due to the outflow of the Holocene
lavas. The lake consists of two unequal parts called Big and Small. The Sevan’s
Peninsula is located in the north-western part of the lake and it is famous for its
medieval monasteries and khachkars (cross-stones). Sevanavank is a monastery
complex situated on the peninsula.

Small and Big Sevan: Small Sevan is very deep—up to 83 m and has rugged
banks. It is in this part that the greater volume of lake water is concentrated. In the
Big Sevan, the bottom is flat, the banks are not very rugged, and the depth does not
exceed 30 meters. There are 26 stations on the Lake Sevan (monitoring posts), from
No. 115 to No. 119; also stations No. 130 and 131 are located in the Small Sevan and
those from No. 120 to 129 in the Big Sevan. These monitoring posts are shown in
Figure 1.

The water monitoring posts of Lake Sevan are located at: No. 115—3.5 km dis-
tance from the peninsula to the east; No. 116—70° azimuth from the peninsula,
from the surface; No. 117—a distance of 1 km from the Dzknaget river, from the
surface; No. 117—a distance of 1 km from the Dzknaget river, at depth of 20 m; No.
118—0.5 km south-west from the village Shorzha, from the surface; No. 119—6 km
south-west from the village Shorzha, from the surface; No. 119—6 km south-west
from the village Shorzha, at a depth of 20 m; No. 120—2 km from the village
Artanish with 135° azimuth, from the surface; No. 120'—2 km from the
village Artanish with 135° azimuth, at depth of 20 m; N0.121—10 km from the
village Pambak with 270° azimuth, from the surface; No. 121'—10 km from
the village Pambak with 270° azimuth, at a depth of 20 m; No. 122—2.2 km from the
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village Pambak with 255° azimuth from the surface; No. 122'—2.2 km from the
village Pambak with 255° azimuth, at a depth of 20 m; No. 123—13 km from

the village Pambak with 235° azimuth, from the surface; No. 123’13 km from the
village Pambak with 235° azimuth, at a depth of 20 m; No. 124—1 km from the
village Tsovak to the north-west from the surface; No. 125—1 km from the mouth of
the river Karchaghbyur to the west, from the surface; No. 126—at Arpa-Sevan
tunnel exit; No. 127—1.5 km from the city of Martuni, to the north, from the
surface; No. 128—15 km from the village Eranos with 90° azimuth, from the sur-
face; No. 128'—15 km from the village Eranos with 90° azimuth, at a depth of 20 m;
No. 129—24 km from the village Eranos with 90° azimuth, from the surface; No.
129'—24 km from the village Eranos with 90° azimuth, from the surface, at a depth
of 20 m; No. 130—7 km north-west of the village of Noratus, from the surface; No.
131-7.5 km north of the village of Chkalovka, from the surface; No. 131'—7.5 km
north of the village of Chkalovka, at a depth of 20 m [21, 31-33].

2.2 Index determination
2.2.1 Canadian Water Quality Index (CWQI)

CWAQI provides a consistent method, which has been formulated by Canadian
jurisdictions, for conveying water quality information to both the management and
public [5]. Moreover, a committee has been established under the Canadian Council
of Ministers of the Environment WQI, which can be applied by numerous water
agencies in various countries with slight modification. This method has been devel-
oped to evaluate surface water for protection of aquatic life in accordance to specific
guidelines. The parameters related with various measurements may vary from one
station to the other and sampling protocol requires at least four parameters, sam-
pled at least four times. The calculation of index scores in CWQI method can be
obtained by using the following relation:

\/Fi+ F5+ F}
cwQl=100-Y+—_-_°

1.732 ’ M

where scope (F;) represent the percentage of variable that do not meet
their objectives at least once during the time period under consideration (“failed
variables”), relative to the total number of variables measured frequency (F,) is the
number of times by which the objectives do not meet; and amplitude (F3) is the
amount by which the objectives do not meet.

Therefore, five categories have been suggested for classification of water quality,
which are summarized in Table 2.

2.2.2 Water contamination index (WCI)

W(CI was established by the USSR Goskomgidromet (State Committee of
Hydrometeorology) [13] and belongs to the category of indicators most often used
to assess the quality of water bodies. This index is a typical additive coefficient and
represents the average percentage of exceeding the MAC for a strictly limited
number of individual ingredients:

wer =1 Z Ci )
~ n&MACY
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CWAQI value Rating of water quality Water quality classes
95-100 Excellent water quality 1
80-94 Good water quality 2
60-79 Fair water quality 3
45-59 Marginal water quality 4
0-44 Poor water quality 5
Table 2.

Classes of water quality depending on the value of CWQIL

WCI value Rating of water quality Water quality classes
up to 0.2 Very clean I

0.2-1.0 Clean II

1.0-2.0 Moderately polluted 111

2.0-4.0 Contaminated v

4.0-6.0 Dirty v

6.0-10.0 Very dirty VI

>10.0 Extremely dirty VII

Table 3.

Classes of water quality depending on the value of WCIL.

where C; is the concentration of the component (in some cases the value of the
physicochemical parameter) and # is the number of indicators used for calculating
the index, n = 6 (pH, biological oxygen demand of BODs dissolved oxygen in water,
petroleum products, nitrite ions (NO, ), and ammonium ion (NH,4")). Seven cate-

gories have been proposed for the classification of water quality, which are listed in
Table 3.

2.2.3 Specific combinatory water quality index (SCWQI)

In accordance with RD 52.24.643-2002, “The method for the integrated assess-
ment of the degree of contamination of surface waters by hydrochemical indicators”
the calculation of the specific combinatorial water quality index has been introduced
[14]. To assess the quality of water of rivers and water bodies, it is divided into
several contamination classes. The classes are based on the intervals of the specific
combinatory water pollution index, depending on the number of critical pollution
indicators. At least 15 indicators are analyzed. The required list includes: dissolved
oxygen in water, BODs, chemical oxygen consumption—COD, phenols, petroleum
products, nitrite ions (NO, "), nitrate ions (NO3 ™), ammonium ion (NH,"), iron total
(Fe** and Fe**), copper (Cu?), zinc (Zn**), nickel (Ni**), manganese (Mn?*), chlo-
rides, and sulfates. The value of SCWQI is determined by the frequency and the
multiplicity of the MPC exceeding by several indicators and can vary in waters of
different degrees of contamination from 1 to 16 (for pure water is 0). The highest
index value corresponds to the worst water quality. Taking into account the number
of bullpen, it allows dividing the surface waters into five classes, depending on the
degree of their contamination. The third and fourth classes for more detailed water
quality assessment are respectively divided into two and four categories.
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2.2.4 Geoecological evolving organized index and Armenian index of water quality

An open system can exchange energy, material, and, which is not less important,
information from environment. The system consumes information from the envi-
ronment and provides information to environment for acting and interacting with
environment. Shannon [34, 35] was the first who related concepts of entropy and
information. He has suggested that entropy is the amount of information attribut-
able to one basic message source, generating statistically independent reports. The
information entropy for independent random event x with N possible states is
calculated by the following equation:

N

H= *Zpi log,p;, 3)

i=1

where P; is the probability of frequency of occurrence of an event.

Different processes in hydroecological systems can occur both with increase and
decrease in of entropy. Pollution of water systems can be represented as a system of
the hydrochemical parameters (elements), the concentration of which exceeds the
MAC. Then, in the equation, Shannon P; is the probability of the number of cases of
MAC excess of i-substance or indicator of water of total cases of MAC-N, P; = n;/N.

For determination of the values of the EWQI and AWQI of environmental
quality, the following computational algorithm is used [17-19]:

1.To determine the number of cases of MAC excess of i-substance or indicator of
water

2.Estimate the total amount of cases at the maximum allowable concentration

(N)—N =>"n.
3.Compute log,N, nlog,n and 3 nlogn.
4.Determine geoecological syntropy (I) and entropy (H):
I= anogzn/N 4)

and

H = log,N-I. (5)
5.Then GEVORG index (G) is determined:
G = H/I (6)

6.Further, the total amount multiplicity of MAC exceedances is estimated:
M)-M=> " m.

7.Then, log,M is computed.
8.Finally, Armenian Water Quality Index is obtained:
AWQI = G + 0.1log, M. (7)

Therefore, five categories have been suggested for classification of the water
qualities, which are summarized in Table 4.
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GEVORG value AWQI value Rating of water quality Water quality classes
<07 <11 Excellent water quality 1
0.7-1.0 11-1.4 Good water quality 2
1.0-1.4 1.4-1.8 Fair water quality 3
1.4-17 1.8-2.1 Marginal water quality 4
>17 >21 Poor water quality 5
Table 4.

Classes of water quality depending on the value of EWQI and AWQL

Water quality class Assessment Water quality
1 Excellent
2 Good
3 Moderate
4 Unsatisfactory
; ] e

Table 5.

Water quality classification by EU WFD.

2.2.5 Water quality classification by EU WFD

The calculations of the BC took place in the RA rivers in 2005-2010
hydrochemical monitoring.

According to the decision of the Government of the Republic of Armenia, “On
establishing standards for ensuring water quality for each area of water basin
management,” there are five classes: “Excellent” (1st grade), “Good” (2nd grade),
“Moderate” (3rd grade), “Unsatisfactory” (4th grade), and “Bad” (5th grade). Each
class is indicated by color (Table 5). A general assessment of the chemical quality of
water is performed by the class of the lowest quality indicator. So if different quality
indicators of a surface water body fall into different quality classes, the final classi-
fication is considered the worst. The following principle applies: “If someone is in
bad shape, then everyone is in poor condition” or the principle “someone is out,
everyone is out.”

3. Results and discussion
3.1 Results for rivers

In this work, we present data on the study of water quality of rivers in 2009-
2019. Since 2013, in Armenia, the quality of river water has been assessed by the
new standards for background concentrations.

The quality of the waters of the Dzknaget, Sotk, Masrik, Vardenis, Martuni,
Argichi, and Gavaraget rivers is comprehensively evaluated by the indices: AWQ]I,
EWQI, WCI, CWQI, and SCWQL

The values of the WQIs are shown in Table 6.

With the help of the computer program “Origin-6,” an analysis of the linear
relationship between AWQI and other WQIs is done: AWQI = a + b (WQI).
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Sampling points EWQI AWQI WCI cwaQl SCWQI
60 0.415 0.650 0.77 90.38 0.8
61 0.856 1.208 0.92 83.98 1.48
63 0.604 0.993 221 78.71 1.74
64 0.321 0.559 0.64 88.74 1.31
65 0.642 0.989 1.2 75.25 1.86
70 0.370 0.625 0.82 90.63 1.20
71 0.625 0.899 0.66 90.52 0.68
72 0.333 0.584 0.95 86.62 1.40
74 0.303 0603 1.51 81.7 1.04
77 0.955 1.325 1.62 83.8 1.38
78 0.625 1.077 3.86 70.14 2.15
Table 6.

Water quality indices of vivers (2009).

AWQI = (0.196 £ 0.060) + (1.217 £ 0.095)msEWQI, R = 0.97914, N = 9

AWQI = (0.717 + 0.142) + (0.127 + 0.085)aWCI, R = 0.46584, N = 9

AWAQI = (0.539 £ 0.287) + (0.251 £+ 0.196)sSCWQI, R = 0.41219, N = 9

AWQI = (2.685 + 0.957) — (0.021 + 0.011)sCWQI, R = 0.55362, N = 9

Analysis of obtained data indicates that AWQI has liner dependence on WCI,
SCWQI, and EWQI and an inverse dependence on CWQI. This result is based on
the fact that the scale of the Canadian index of quality of water begins from 100,
and scales of indexes of impurity of water, and EWQI, WQI, and SCWQ], start
from scratch.

The quality of the water in the rivers was also evaluated according to the new
standards of background concentrations (see Table 7).

In 2013-2019, the waters of the Dzknaget, Martuni, Sotk, Gavarvget rivers
(monitoring post 77) and Martuni (monitoring post 71) were found to be of “mod-
erate” or “good” quality. The water at the mouth of the Vardenis and Gavarvget

River Sampling points 2013 2014 2015 2016 2017 2018 2019

Dzknaget 60 0.5 km above Semyonovka

61 River mouth
Masrik 63 River mouth
Sotq 64 0.5 km from the mine top
65 River mouth
Vardenis 70 River mouth

Martuni 71 0.5 km from Geghhovit

72 River mouth

Argichi 74 River mouth

Gavaraget 77 0.5 km from Tsakhkvan

78 River mouth

Table 7.
Water quality classes of analyzed rivers.
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rivers had an average and “unsatisfactory” quality for ammonium ions and phos-
phate. The water at the mouth of the Martuni River in 2014 was of “poor” quality
for ammonium and phosphate ions, and the water at the mouth of the Masrik River
in 2017-2019 was also of “poor” quality for vanadium.

3.2 Results for reservoirs

In this chapter [26], we studied the quality of water in the years 2009-2012 of
the reservoirs of the lakes of Arpi, Yerevan, Akhuryan, Azat, Aparaan, and ketchut
using AWQI, EWQ]I WCI, and SCWQ]I, and CWQI. An analysis of the data shows
that AWQI has a linear relationship with WCI, SCWQI, and EWQI and an inverse
relationship with CWQI.

In this work, we presented data on the study of water quality in reservoirs in
2013-2019. Since 2014, in Armenia, the quality of reservoir water has been assessed
by the new standards for background concentrations.

In 2013, it was found out that the reservoirs of lakes Arpi, Yerevan and
Akhuryan regularly increased the MACs of nitrite ions, ammonium, copper, vana-
dium, aluminum, chromium, manganese and iron. For example, in reservoir
Akhuryan for NO?", Al, V, Cu, Mn, and Cr the number of cases of an increase in the
MACis 5, 8, 8, 8, 6 and 7 times, respectively. The amount of excess cases of MPC —
N =42,% nlog,n=118.76, I = 118.76/42 = 2.8276, H = log,42-2.8276 = 2.5616,
AWGI = G =2.5616/ 2.8276 = 0.9059. The total amount of the multiplicity of MAC

Reservoir Lake Arpi Akhuryan Aparan Lake Yerevan
Positions 109 110 111 112
Indicator n nlog,n n nlog,n n nlogn n nlog,n
BODs 0 0 0 0 5 11.61 0 0
NH,"* 0 0 0 0 0 0 10 33.2
NO;y” 0 0 5 11.61 0 0 12 43
Al 6 15.51 8 24 8 24 2 2
\ 6 15.51 8 24 8 24 12 43
Cu 6 15.51 8 24 6 15.51 11 38
Mn 5 11.61 6 15.51 8 24 11 38
Se 0 0 0 0 0 0 8 24
Cr 5 11.61 7 19.64 0 0 12 43
N 28 42 35 78
> nlog2n 69.75 118.76 99.12 264.2
I 2.491 2.8276 2.8320 3.3871
H 2.313 2.5616 2.2943 2.8946
EQWI 0.9288 0.9059 0.8101 0.8546
M =Zm 33.6 24.5 15.2 49.3
log,M 5.067 4.612 3.924 5.620
AQWI 1.4355 1.3671 1.2025 1.4166

Table 8.

Entropic and Avmenian water quality indexes for veservoirs of Lake Arpi, Akhuryan, Aparan, and Lake
Yerevan (2013).
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Reservoir Azat Ketchut
Positions 113 114
Indicator n nlog,n n nlog,n
BODs 4 8 0 0
Al 0 0 6 15.51
A% 6 15.51 11 38
Cu 0 0 4 8
Mn 3 4.752 7 19.64
N 13 28
> nlog2n 28.262 81.15
I 2173 2.898
H 1.5253 1.9066
EQWI 0.7019 0.6579
M = Xm 17.9 9
log,M 4.159 3.168
AQWI 1.1178 0.9746

Table 9.

EQWI and AQWI for reservoirs of Azat and Ketchut (2013).
Reservoirs 2014 2015 2016 2017 2018 2019
Lake Arpi . .
Lake Yerevan .

Akhuryan

Aparan .

Azat .
Ketchut . .

Table 10.
Water quality classes of analyzed reservoirs.

exceedances-M = Y m =24.5, log,M = 4.6123, AWQI = 0.9059 + 0.4612 = 1.3671.

The values of the indices EWQI and AWQ] are given in Tables 8 and 9.

An analysis of the data shows that AWQI has a linear relationship with EWQI.
AWAQI = —(0.054 £ 0.205) + (1.613 £ 0.251)sEWQI; R* = 0.95.457; N = 6.
The quality of the water in the reservoirs was also evaluated according to the

new standards of background concentrations (see Table 10).
In 2014, the water of the Arpi Lake reservoir was of “moderate” quality in terms

of phosphate ion and COD, and the water of the Akhuryan reservoir was “moder-
ate” in terms of ammonium, nitrite, and phosphate ions. The water of the Azat

reservoir was also of “moderate” quality in terms of phosphate ion, the water of the

Aparan reservoir was “good” in terms of phosphate ion, and the water of Yerevan

lake was of “poor” quality. The waters of the Kechut and Aparan reservoirs were of

“good” quality. In 2015, the water of the reservoir of Lake Arpi had a “moderate”

quality in terms of COD and the water of the Akhuryan reservoir had a “moderate”

quality in terms of phosphate ion and COD. The water in Yerevan Lake had a
“moderate” quality in terms of ammonium, nitrite, and phosphate ions and COD.
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The water of the Azat reservoir was also of “moderate” quality according to COD,
and the water of the Kechut and Aparan reservoir was of “good” quality. In 2016,
the water of the reservoirs of Lake Arpi and Azat was of “good” quality, and the
waters of the Akhuryan, Aparan, and Kechut reservoirs were “moderate” in COD.
The water of Yerevan Lake had a “poor” quality in terms of ammonium, nitrate,
nitrite, and phosphate ions and COD.

In 2017, the water of the reservoirs of Lake Arpi, Akhuryan, Aparan, Kechut, and
Azat was of “good” quality, and the water of Yerevan Lake was of “unsatisfactory”
quality for ammonium and nitrite ions. In 2018, the water in the reservoir of Lake
Arpi had “moderate” quality in terms of phosphate ion and suspended solids, and the
water in the Akhuryan reservoir had “moderate” quality in ammonium and phos-
phate ions, as well as in COD and BODs. The water of the Aparan reservoir also had
“moderate” COD quality. The water of Yerevan Lake had “unsatisfactory” quality for
ammonium and nitrite ions. The waters of the Kechutsky and Azat reservoirs were of
“good” quality. In 2019, the water in the reservoir of Lake Arpi had “moderate”
quality in terms of phosphate ion and suspended solids, and the water in the
Akhuryan reservoir had “moderate” quality in terms of COD and suspended solids.
The water of Yerevan Lake had “unsatisfactory” quality in terms of nitrite ion. The
waters of the Kechut, Aparan, and Azat reservoirs were of “good” quality.

According to WQI values, the water quality in the Aparan, Azat, and Kechut
reservoirs has “good” and “excellent” grade. The water quality of the reservoirs of
Akhuryan, Lake Arpi and in Yerevan Lake, on the contrary, is “poor” from 3rd to
2nd class, and restricts the use of water for irrigation purposes. The poor water
quality of the Lake Arpi reservoir is associated with an increase in the amount of
metals. The reduced water quality of the Akhuryan reservoir and Yerevan lake is
associated with pollution from the main settlements in the river basin, respectively,
in Gyumri and Yerevan, with municipal wastewater.

3.3 Results for Lake Sevan

The purpose of this section is to assess the water quality of Lake Sevan using the
Armenian Water Quality Index and other indicators of water quality, as well as to
identify the causes of the appearance of blue-green algae that contribute to growth.

In July 2019, an increase in the blue-green algae of Anaben was recorded in Lake
Sevan. These algae were first found in Lake Sevan in the middle of the last century,

Year Mg v Cr Cu Se BOD;
2009 11-1.4 5.0-7.0 2.0-3.0 2.0-3.0 3.0-4.0 —
2010 11-1.3 5.0 2.0 2.0-3.0 2.0 2.0-3.0
2011 11 5.0 2.0 — 2.0 1.1-1.9
2012 1.1-1.2 6.2-6.4 — 21 2.1-2.6 —
2013 11-12 5.0-5.7 1.8 — 2.5 —
2014 11 3.8-5.6 1.2-3.4 — 1.2-19 1.2-1.5
2015 1.2-1.7 29-59 1.2-3.9 — 1.2-5.0 1.2-1.4
2016 1.2 3.8-8.0 1.2-1.7 1.4-1.5 1.2-6.5 1.2
2017 12 5.0-5.9 2.0-3.8 1.3-7.3 5.7-7.0 1.2-1.4
2018 1.2-13 3.7-6.6 1.7-33 1.2-2.9 1.4-2.7 1.2
2019 — 4.5-8.9 1.2-6.6 1.2-3.5 3.1-33 —
Table 11.

Excess concentration from MAC (times).
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Positions 115 116 117 118 119 130

Indicator n nlog2n n nlog2n n nlog2n n nlog2n n nlog2n n nlog2n

Mg 0 0 5 11.6 5 11.6 6 15.5 4 8 5 11.6

Cu 0 0 0 0 0 0 1 0 0 0 0 0

\ 8 24 8 24 8 24 8 24 8 24 8 24

Cr 5 11.6 6 155 6 15.5 6 15.5 5 11.6 6 15.5

Br 8 24 8 24 8 24 8 24 8 24 8 24

Se 8 24 8 24 7 19.64 7 19.64 6 15.5 7 19.64

N 29 35 34 36 31 34

> _nlog2n 83.6 99.1 94.74 98.64 83.1 94.74

I 2.882 2.831 2.786 274 2.68 2.786

H 1.974 2295 2.298 2.427 2.271 2.298

G 0.686 0.811 0.826 0.886 0.847 0.825

M=3%m 11.8 13 14 171 14.1 14.3

log2M 3.56 3.7 3.81 4.093 3.815 3.836

AWQI 1.041 1.181 1.207 1.294 1.228 1.209
Table 12.

Entropic and Armenian water quality indexes for Small Lake Sevan (2009).

and the first manifestation of flowers was recorded in 1964 and repeated in differ-
ent volumes at different times. Large-scale flourishing was observed in 2018.

It has been established that the maximum permissible concentration of vana-
dium, copper, chromium, magnesium, BODs, and selenium is regularly exceeded in
the waters of Lake Sevan (see Table 11).

For example, in position No. 118 of Lake Sevan, number of MAC increasing
cases for V, Br, Se, Cr, Mg, and Cu has been changed 8, 8, 7, 6, 6 and 1 times,
respectively [36]. The amount of excess cases of MAC - N =36, > _nlog,n =
98.64, I = 98.64/36 = 2.740, H = 1l0og,36-2.740 = 2.427, G = 2.740/2.427 = 0.886.
The total amount of the multiplicity of MAC exceedances -M = > " m =17.1,
logoM = 4.093, AWQI = 0.886 + 0.409 = 1.294. The calculation algorithm and the
values of the EWQI and AWAQI indices of other position of Smally Sevan are given
in Table 12.

Quality of Lake Sevan water was also comprehensively evaluated by other
indexes: WCI, CWQI, and SCWQI. Values of the WQIs are given in Table 13.

It is shown that water quality by the EWQI and AWQI of the 2nd pollution class,
by the WCI and CWQI of the 3rd pollution class, and by SPWQI is mainly the 2nd
and in some cases up to the 3rd class of pollution.

With the help of the computer program “Origin-6”, the analysis of the linear
relationship between AWQI and other WQIs was provided: AWQI = a + b (WQI).

Analysis of obtained data indicates that AWQI has liner dependence with WCI,
SCWQI, and EWQ]I, and an inverse dependence with CWQI.

A satisfactory correlation is obtained when all the positions of the Lake Sevan are
considered together.

« AWQI = (0.739 & 0.074) + (0.313 + 0.047) » WCLR = 0.80233, N = 26
o AWQI = (1.047 + 0.127) + (0.096 + 0.069) » SCWQL R = 0.27301, N = 26

* AWQI = (0.203 + 0.038) + (1.225 £+ 0.046) « EWQI, R = 0.98339, N = 26
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Sampling points EWQI AWQI WCI CwaQl SCWQI
115 0.686 1.041 1.35 68.65 175
116 0.811 1.181 1.41 70.37 1.65
117 0.826 1.207 1.42 70.95 1.56
117 0.831 1.201 1.43 70.21 1.81
118 0.867 1.276 1.87 65.98 1.88
119 0.847 1.228 1.48 69.12 1.81
119° 0.923 1.334 1.90 66.35 2.11
120 0.939 1.340 1.67 67.24 1.65
120° 0.921 1.332 1.92 65.50 1.96
121 0.803 1.187 1.60 66.79 1.94
121 0.799 1.192 1.56 66.89 1.83
122 0.820 1.204 1.50 66.65 2.19
122 0.820 1.214 1.49 68.68 1.59
123 0.811 1.205 1.50 67.05 1.69
123 0.819 1.212 1.55 66.58 1.75
124 0.819 1.212 1.53 68.16 1.85
125 0.819 1.222 1.52 66.49 1.59
126 0.825 1.229 1.54 67.27 1.82
127 0.833 1.237 1.55 67.14 178
128 0.883 1312 175 66.02 211
128 0.825 1.209 1.44 68.25 2.03
129 0.815 1.198 1.44 67.60 1.93
129° 0.815 1.198 1.52 67.96 1.79
130 0.825 1.209 1.43 68.64 1.63
131 0.834 1.217 1.43 68.48 1.88
131 0.825 1.208 1.46 68.45 1.95
Table 13.

Water quality indices of Lake Sevan (2009).
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* AWQI = (2.637 + 0.513) — (0.021 £+ 0.008) « CWQI, R = 0.49061, N = 26:

For the Small Lake Sevan:

* AWQI = (0.787 £ 0.213) + (0.275 £+ 0.143) » WCI, R = 0.65192, N = 7

e AWQI = (0.965 + 0.438) + (0.131 £+ 0.252) « SCWQI, R = 0.22730, N =7

« AWQI = (0.189 + 0.053) + (1.234 £ 0.064) w EWQL R = 0.99321, N = 7

* AWQI = (2.097 £ 1.361) — (0.013 £ 0.019) « CWQI, R = 0.28427, N = 7:

For the Big Lake Sevan:
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AWAQI = (0.529 £ 0.181) + (0.452 £+ 0.116) » WCI, R = 0.81003, N = 10

AWQI = (1.292 £ 0.172) + (0.031 £ 0.092) « SCWQI, R = 0.11946, N = 10

AWAQI = (0.252 + 0.082) + (1.174 + 0.099) s EWQI, R = 0.97297, N = 10

AWQI = (2.776 + 0.1.935) — (0.023 £+ 0.028) « CWQI, R = 0.27118, N = 10:

A good correlation is also obtained when the underlying layers are considered
together

* AWQI = (0.778 + 0.054) + (0.287 &+ 0.034) @« WCI, R = 0.9545, N = 9

AWAQI = (0.849 + 0.208) + (0.205 + 0.111)  SCWQI, R = 0.57343, N = 9

AWQI = (0.209 £ 0.061) + (1.217 + 0.072) s EWQI, R = 0.98775, N = 9

AWAQI = (2.998 + 0.753) — (0.026 £ 0.011) « CWQI, R = 0.66353, N = 9:

Thus, a correlation between AWQI and other WQIs was established. Analysis of
obtained data indicates that AWQI has liner dependence on WCI, SCWQI, EWQI
and an inverse dependence on CWQ]. This result is based on the fact that the scale
of the Canadian index of quality of water begins from 100, and scales of indexes of
impurity of water, EWQI, WQI, and SCWQ], start from scratch. It has been
established that the maximum permissible concentrations of copper, vanadium,
chromium, magnesium, and selenium regularly increase in the waters of Lake
Sevan. It has been found that the Armenian Water Quality Index demonstrates a
linear dependence on the water contamination index, a specific combinatorial water
quality index, and an index of geoecological evolving organization and an inverse
relationship to the Canadian Water Quality Index. It is shown that water quality by
the geoecological evolving organized index and Armenian Water Quality Index of
the 2nd pollution class, by the water contamination index and Canadian Water
Quality Index of the 3rd pollution class, and by specific combinatorial water quality
index is mainly the 2nd and in some cases up to the 3rd class of pollution.

Over the past 10 years, the water level in Sevan has risen by 3 meters, leaving
under water trees, stubble and buildings that have not yet been cleaned. The eco-
system of Lake Sevan is also polluted due to debris entering the lake. In addition to
sewage systems from dozens of settlements in Lake Sevan, sewage and agricultural
and wastewater from service and recreation facilities operating on the shores of
Lake Sevan are also discharged into Sevan.

It should be noted that in 2019 there was little rain. For example, in May, 36
million m® of precipitation was recorded in the lake, which is close to the histori-
cally minimal (33 million m?) precipitation. Due to the strong wind force, evapora-
tion in the spring was twice as high as normal.

According to the results of research conducted by the Ministry of Nature Pro-
tection in 2018, the concentrations of phosphate and ammonium ions in Lake Sevan
were high, and a sharp rise in temperature created favorable conditions for inten-
sive flowering of the lake. The average concentration of phosphate ion in the
surface and middle layers was 0.08 mg/l, and in the underlying layer—0.15 mg/I,
which did not exceed the norm of the RA environment (0.3 mg/1). The average
concentration of ammonium ion in the surface layer is 0.25 mg/l, and in the
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underlying layer 0.17 mg/l, which does not exceed the norm of the environment RA
(0.5 mg/1). The average concentration of nitrate ions in the surface layer was

0.19 mg/l, and in the underlying layer—0.12 mg/l. The observed concentrations do
not exceed the ecological norm of RA (11 mg/1).

4. Conclusions

The quality of the waters of the Dzknaget, Sotk, Masrik, Vardenis, Martuni,
Argichi, and Gavaraget rivers and the lakes of Arpi, Yerevan, Akhuryan, Azat,
Aparan and Kechut reservoirs comprehensively evaluated by the indices: AWQ]I,
EWQI, WCI, CWQ]I, and SCWQI.

The quality of rivers and reservoirs water has been assessed by the new stan-
dards for background concentrations.

The water at the mouth of the Martuni River in 2014 was of “poor” quality for
ammonium and phosphate ions, and the water at the mouth of the Masrik River in
2017-2019 was also of “poor” quality for vanadium. In 2013-2019, the waters of the
Dzknaget, Martuni, Sotk, and Gavaraget rivers (monitoring post No. 77) and
Martuni (monitoring post No. 71) were mostly of “good” quality. The water at the
mouth of the Vardenis and Gavarvget rivers had an average and “unsatisfactory”
quality for ammonium ions and phosphate.

The poor water quality of the Lake Arpi reservoir is associated with an increase
in the amount of metals. Reduced water quality of the Akhuryan reservoir and Lake
Yerevan is associated with pollution from the main settlements in the river basin,
respectively, in Gyumri and Yerevan, with municipal wastewater.

For the first time, the water quality in the reservoirs of Lake Sevan was evalu-
ated using the Armenian Water Quality Index. It was found out that the water of
Lake Sevan is regularly increased MAC of vanadium, copper, chromium, magne-
sium, bromium, and selenium. The water quality in the Lake Sevan is poor.

It has been found that the Armenian Water Quality Index is linearly dependent
on the water contamination index, the specific combinatorial water quality index,
the geoecological evolving organized index, and has inverse relationship to the
Canadian Water Quality Index.
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Effect of Climate Change on
Aquatic Ecosystem and Production
of Fisheries
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Abstract

The exploitation of nature for decades due to several anthropogenic activities
has changed the climatic conditions worldwide. The environment has been polluted
with an increase of greenhouse gases. The major consequences are global warming,
cyclone, an increase in sea level, etc. It has a clear negative impact on the natural
environment including aquatic ones. As a result, production of fish in the aqua-
culture system and marine system is greatly affected. Marine ecosystems like coral
reefs are also destroyed. Decreased fish production has also affected the livelihood
and economic condition of the fish farmers. So, corrective measures should be
taken to reduce the climate changes for minimizing its effects on fish production.
Using more eco-friendly substances, planting more trees, and preserving our nature
are some steps to be taken. Awareness should also be generated among the common
people.

Keywords: aquatic environment, economy, climate change, fish production,
global warming

1. Introduction

For the last few decades, climate change, food security and their complex inter-
action have become a global issue [1]. With the rapid increase in human population,
we have destroyed our nature and polluted the environment. The level of green-
house gases in the atmosphere is increasing day by day. Consequently, we are facing
the threats of global warming and other climatic changes like cyclone, drought,
flood, etc. Change in the climatic conditions may be limited to a specific region or
may occur across the whole earth. But, it is affecting all the ecosystems including
the aquatic ones. Aquatic organisms are very vulnerable to climate change because
the average temperature of both air and water are changing simultaneously. Climate
change in the aquatic system mainly occurs through sea level and temperature rise,
change in monsoon patterns, extreme weather events and water stress having both
direct and indirect impacts on aquatic animals including fish stocks. It directly acts
upon the physiological behavior and growth pattern of organisms, subsequently
decrease reproductive capacity and finally cause mortality. Indirectly it may alter
the productivity, structure, function and composition of aquatic ecosystems. All
these effects finally result in decreased fish production. It disturbs the economic
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condition of fish farmers and hamper their normal livelihood by huge economic
losses. In this chapter, we will discuss how climate change affects the production
of fish and the lives of fish farmers and how it could be mitigated through proper
actions.

2. Causes of climate change

The factors that can cause a change in the atmospheric system or climatic regime
are called “climate forcing” or “forcing mechanisms.” So, forcing mechanisms can
be of two types, i.e., internal forcing mechanism and external forcing mechanisms.
Internal forcing mechanisms are natural processes in the climatic system like
thermobhaline circulation, etc. External forcing mechanisms can also be of two
types- anthropogenic mechanisms including greenhouse gas emission and the
emission of several other pollutants and natural mechanisms like changes in solar
output, volcanic eruptions, etc. All these mechanisms are responsible for the change
of climate. But overwhelming evidence exists that anthropogenic activities are the
major reason behind this dreadful condition. These are described below.

* Fossil fuel burning: Fossil fuel burning is one of the most important sources of
climate change. As fossil fuels contain carbon for many years, they can release
back CO, into the air. This is one of the direct causes of carbon emission in
the air, which can cause all sorts of environmental problems including global
warming.

* Livestock farming: Through livestock farming, methane (CHy4) gas is emitted
into the atmosphere. As we know, CH, is a greenhouse gas, so capable of
trapping a huge amount of heat from the sun. In that way, they can contribute
to global warming in broad sense.

* Aerosols: Aerosols also represent a big problem for the climate today. Aerosols
are a very small naturally occurring particle in the atmosphere. Previously
the number of aerosols in the atmosphere was very less, but now the level is
increasing.

* Use of fertilizers: Use of fertilizers in both agricultural and aquacultural
farmland can increase the availability of food source greatly to us. To meet
up the growing demand for food, the use of fertilizers have increased rapidly.
Fertilizer contains a huge amount of nitrous oxide, which is responsible for a
steady increase in the earth’s surface temperature.

3. Changes on aquatic ecosystem due to climate change
3.1 Temperature

All the aquatic organisms including fish and aquatic invertebrates are
poikilothermic in nature and the body temperature of those organisms changes
with environmental temperature. So, they are very much sensitive to the change in
the temperature in their external environment where they live. When the external
environmental temperature goes beyond the tolerance limit of these organisms,
they will go for migration to the place where their internal system allows them
to regain their internal homeostasis. This procedure is termed as behavioral

44



Effect of Climate Change on Aquatic Ecosystem and Production of Fisheries
DOI: http://dx.doi.org/10.5772/intechopen.93784

thermoregulation [2]. This will result in rapid migration to the cooler zones of

the water body [3]. This migration allows the shifting of the aquatic animals from
shallow coastal waters and semi-enclosed areas into deeper cooler waters [4]. In
spite of the negative impacts of these phenomenons like coral reef destruction and
increased ocean acidification, it would have some conservative approach. This
phenomenon of migration can alone reduce the maximum catch potential of the
tropics by 40% [4].

As the major consequences of climate change, especially increased temperature
strongly affects the recruitment process [5]. Some stocks may become intolerance to
the sustainable fishing effort because they experience them as overfishing due to the
side effects of temperature enhancement [6]. Temperature enhancement of water,
where fish live, will slow down their growth and maximum size as the temperature
would increase their metabolic rate [2].

Local extinction of fish species would be noticed, among freshwater and
diadromous species especially [7]. Because of the higher potential for migration,
terrestrial species show a higher rate (15-37%) of overall migration than marine
species [8].

The increased temperature would bring a deadly impact on reef fisheries by
inducing bleaching of the coral reef [7].

3.2 Primary productivity

The levels of light and temperature determine the availability of nutrients in the
water body, which in turn affects the primary productivity. Due to climate variabil-
ity, reduced precipitation would lead to reduced run-off from land, which caused
the starvation of wetland and mangrove and damage local fisheries. In some other
places, due to increased precipitation from extreme weather events like flooding,
nutrient level in the water body tremendously increased causing eutrophication
and washout fertilizer causing harmful algal blooms into the water bodies, known
as red tides [2, 9]. Most of the small scale fisheries locate at the lower latitude,
where climate change hit the most and decline the primary productivity [10] of the
fisheries sector.

4. Impact of climate change on fish production and ecosystem
4.1 Aquaculture system

Fisheries and aquaculture are largely dependent on the interactions among the
various factors like the earth’s climate and ocean environment. So, changing the
pattern of air and sea-surface temperatures, rainfall, sea level, ocean acidity and
wind-pattern will adversely affect the fisheries and aquaculture [3].

4.1.1 Marine system

Marine fish production is largely disrupted by climate change. With the change
in the climatic conditions, several changes are observed in the ocean including a rise
in temperature, melting of polar ice, rising sea level, change in ocean current system
and acidification of seawater. Over the coming decades, the temperature of the
Indian seas is going to increase by 1-3°C [11]. The species that is going to be affected
first due to these conditions is plankton. It forms the basis of the food chain in the
marine ecosystem. Other species including corals, fishes, sea birds will be affected
simultaneously. Due to increased ocean acidification, marine organisms like oysters,
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shrimps and corals would unable to form their outer covering or shell through the
process of calcification. Thus, the entire marine food web get affected because of
the formation of cracks in the marine food chain.

4.1.2 Freshwater systems

The vulnerability of the freshwater ecosystems against climate change is very
high. The size, depth and trophic status of the lake determine the vulnerability
of this system against climate change. According to Field and coworkers [12], the
negative impact was observed on the cold-water species and positive impact on the
warm-water species. Due to acute effects of climate change, alteration of shapes
and distribution is seen in the freshwater lake system and in some cases, they might
be disappeared. These are the attributes of the dynamics change in precipitation,
evaporation and run-off [13]. Climate change promotes long-term increases in
fish-production by inducing the enhancement of the production rate of invertebrate
prey logarithmically with increasing temperature. The increasing rates are 2-4
times for each 10°C increase in temperature [14]. But on the other hand, climate
change will result in a change in prey-species composition. This change may cause
antagonistic effects on the long-term enhancement of fish production [14]. In
short-time, climate change will cause a decrease in fish-production because of tim-
ing mismatch [14]. The ability of the movement of the freshwater species is vital in
determining the resistance of those species to withstand climate change [13].

4.2 Coral reef

The coral reef is an important source of income for many developing countries
[15]. Coral provides habitat for more than half of all marine species. But now
coral reefs of the ecosystem are in great danger. The main reasons are increasing
temperature, acidity, etc.

Climate change-related impact on the coral reef can be based on three different
time-scales.

* Years: Coral bleaching which increased in recent years and results in degrada-
tion of reefs.

* A few decades: Acidification increased and carbonate structures degenerate.

* Multi-decades: Weakened the structural integrity of the reefs which causes
large scale composition shifts.

The coral reef is one of the most resistant ecosystems and too resilient to
recover from weak chronic as well as acute stresses [16]. But according to Hughes
and coworkers [17], the reef ecosystem is not able to sustain against chronic plus
acute stress.

Increasing acidity causes decreasing the pH of the ocean, which results in
decreased aragonite saturation that can disrupt the calcification of coral [18].
Enhanced acidity of the world’s ocean is very much important and represents a
long-term threat to coral reefs but the impact growth of the corals on the increasing
acidity is unknown [15]. The saturation level of aragonite in deep cold water
corals are 90-150 m [19]. The impact of the acidification is badly seen in these
deep- cold-water corals.

If corals are decreased due to adverse impacts from climatic change, it causes a
negative impact on the reef fish- biodiversity [20]. According to Grandcourt and
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Cesar [21], coastal fisheries are badly affected by the warming of the climate and
bleaching events. It can be concluded that coral reef destruction causes a long-term
impact on the animals which depends on these reefs for their food and habitat.

4.3 Global marine biodiversity

Climate change acts as an important determinant of the distribution of biodiver-
sity in past and future aspect [22-26]. Environmental factors reflect strong influ-
ences upon species richness of aquatic organisms [27]. Ocean warming can cause
change to the marine species especially in their latitudinal range [28-30] and depth
range [31]. Ata larger scale, such changes can lead to local extinction and invasions
and shifting to their bio-geographic pattern [28]. As a result, a huge shift in species
richness can occur which is regarded as the main cause of disruption of marine
biodiversity and ecosystem [2, 32, 33]. The climate in the aquatic environment can
affect biodiversity, community structure and ecosystem function [34-37].

5. Economical crisis of the fish farmers due to climate change

Change in the aquatic environment has a direct impact on the lives of the fish
farmers. Due to disturbed fish production, farmers face economic losses. Besides
global warming, cyclone is another problem that affects the lives of the farmers.
Cyclone combined with a flood and heavy rainfall creates a major problem every
year for the farmers especially in the coastal states of India. It is a matter of great
concern that the frequency of intense tropical cyclones has increased in the Indian
ocean [38]. The factors such as warm sea temperature, high humidity and instability
of atmosphere are responsible for intensifying the cyclone [39]. As a consequence
of global warming, the temperature of the Indian Ocean has also increased promot-
ing devastating cyclones. In May 2019, a cyclone named Fani hit Andhra Pradesh,
Odisha and West Bengal. It caused damage to the coastal land, boats, jetties and
the shelters of the fishermen and five lakh houses were destroyed in 14 districts
[40]. In Odisha only, the losses were estimated to be 12,000 crores. Regarding
the seafood sector, the production of shrimp was declined by 60-70% [41]. Most
recently, in May 2020, cyclone Amphan hit eastern India specifically West Bengal
and alos Bangladesh. This was the first super cyclone in Bay of Bengal since 1999
super cyclone that hit Odisha took the life of more than 9000 people [42]. Amphan
affected the coastal areas of West Bengal including East Midnapur, North 24
Parganas, South 24 Parganas, Kolkata, Hoogly and Howrah. According to Chief
Minister of West Bengal, the death toll was more than 86 and the state suffered a
damage of 1 lakh crore rupees (15.38 Billion USD) [43]. Specially, the Sundarban
areas were highly devastated, millions of homes were damaged breached embank-
ments led to flood in villages. It takes years for the local residents as well as fisher-
men to recover from these situations. They do not have shelter to stay, do not have
a boat for fishing and no money to pay back the loans that ultimately affects their
psychological health sometimes leading to suicidal tendencies.

6. Adaptation and mitigation measures to reduce the effects

of climate change

Consideration of future climate changes in advance and making them a part
of short-term decision making is known as adaptation. This includes using more

eco-friendly substances, planting more trees and preserving our nature as much as
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possible. On another hand, preventing the chances of climate change, before it has
occurred, reducing the effects of climate change in case of occurrence is known as
mitigation. Reducing the carbon footprint and related activities should be a major
step. The level of environmental pollution should be decreased as soon as possible
before it becomes too late to act. Some strategies that we should follow immediately
are discussed below.

Adaptation of forest conservation measures: Forest plays an important role in
maintaining equilibrium in our ecosystem. We should conserve and prevent the
destruction of forest land through afforestation as well as reforestation and prohibit
the use of forestland for nonforest purposes to meet the livelihood of local people.

Inclusion of climate-study in the school-level educational system: If we want to
generate awareness in the young generation by the introduction of climate-related
study along with traditional educational system with the help of governmental
initiatives. This will help to grow the consciousness among the young generation
from very beginning which will significantly broaden this culture at the local, state
and national levels.

Slowing down of population growth: Population growth is becoming a burden
especially in the case of a developing country like India. It has become a major
obstruction in achieving social and economic development. So, in order to fight
against climate change, population pressure over the area need to be reduced by
reversing down the population growth curve in developing countries.

Integration of climate issue with economic planning: Climate protection-related
policies and programs should be incorporated into the local, state and national
levels in order to encourage the integration of climate issues with economic
planning and management.

7. Recommendation for better management of fisheries against
climate changes
* The ecosystem approach should be comprehensive, sound, integrated, compact
and revised to make complete management of sand oceans of coasts, fisheries
and aquaculture.
* Environmental friendly aquaculture and fishing practices to be undertaken.
* Fuel-efficient aquaculture and fishing practices to be undertaken.

* Integration of climate-proof aquaculture with other sectors.

* Over-fishing and excess fishing capacity should be eliminated through the
implementation of reduced subsidy systems.

* Risk assessments should be proper and accurate at the local level.

* Exploration of the carbon sequestration process by aquatic ecosystems.
8. Steps for sustaining the fish production and economy against

climate change

There is a crucial knowledge gap between fisheries, aquaculture management
and climate change that need to be filled practically. In order to assess the risk of
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climate change to coastal communities, human and institutional capacity building
should be strengthened and proper adaptation and mitigation measures should be
implemented. Therefore, well managed fisheries and aquaculture could give birth
to a healthy and productive ecosystem. Careful use of coastal areas and catchment
areas should be cross-sectoral responsibility to encourage the building process of a
healthy and productive ecosystem. Moreover, youth engagement in each and every
policy and decision-making process related to aquaculture and fisheries both at
continental and national levels should be institutionalized efficiently as youth are
the backbone of our society.

9. Positive effects of climate change on the aquatic environment

* Slowed down the winter death rate of aquatic organisms: Water tempera-
ture is one of the most crucial factors in determining the survival of aquatic
animals. Many years ago, especially before the drastic climate change, winters
were too cold to maintain the minimum metabolic rate of the aquatic organ-
isms and the consequent death rate has increased rapidly. As a result of climate
change, the average temperature of the water body increased so rapidly that
winter has now become bearable considerably. So, the number of death due to
winter temperature —falling has decreased.

* Reduction of the fuel cost of the aquatic environment: As a result of climate
change, heat energy becomes available and affordable at a cheaper rate. So, the
demand for fuel in the aquatic environment has decreased and the consequent
cost of fuel has also become cut down.

* Growth in aquaculture production: Some thermophilic organisms living
in the aquatic environment demand high temperature for maintaining their
metabolic rate at an optimum level. The excess heat which is introduced as a
result of climate change meets the demand of those aquatic organisms. So, in
that way, climate change benefited the overall aquacultural yield.

10. Conclusion

Climate change is a major threat to both aquatic and terrestrial ecosystems.
In present days, a random population explosion increases fossil fuel burning,
industrialization, deforestation, and profit-oriented capitalism, which can, in
turn, create synergistic effects on climate change. Aquaculture sector is much
impacted by temperature increase in water and air, sea level rise, and associated
water intrusion as affected by global warming and climate change. This change
in the aquatic environment or a decrease in fish production is directly affecting
the economic sustainability of fish farmers. Thus, this situation can be corrected
if necessary actions will be taken in reducing environmental pollution as soon as
possible. Researchers, economists, policymakers, and farmers should act together to
fight economic instability and maintain harmony with nature. One thing we should
remember that we should protect nature if we want to protect ourselves from the
coming threats.
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Designing River Diversion
Constructed Wetland for Water
Quality Improvement
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Abstract

Constructed wetlands are recognized as viable potential technology for reducing
pollution load and improving quality of water and wastewater. The use of river
diversion wetlands is gaining place for improving quality of river and stream water.
However, the design criterion for this category of wetlands has not been fully
established, and there is a need to optimize existing approach to enhance opera-
tional performance. This chapter presents a step-by-step approach for the design of
a typical river diversion constructed wetland intended to remove some pollutants
and improve river water quality. The approach focused mainly on water quality
objective and outlined simple criteria, guidelines, and model equations for the
design procedure of a new river diversion constructed wetland. The design of
constructed wetlands is generally an iterative process based on empirical equations.
Thus, this approach combines simple equations and procedure for estimating the
amount of river water to be diverted for treatment so as to assist the designer in
sizing the wetland system. The novel approach presented may be useful to wetland
experts as some of the procedures presented are not popular in wetland studies.
However, this may improve existing river diversion wetlands’ design and
development.

Keywords: design, river diversion, constructed wetland, water quality, rating
curve, empirical equations

1. Introduction

There is no doubt that streams and rivers are important freshwater sources for
man due to their influence on social and economic development of human societies.
However, the quality of water in most streams and rivers is being threatened
worldwide due to pollution connected with human activities [1]. The situation is
worsened with increasing industrial pollution and use of fertilizers and other agro-
chemicals in agriculture, rapid urbanization, and continuing use of improper sani-
tation systems especially in developing countries [2]. Consequently, aquatic eco-
systems that depend on water flows and seasonal changes within these water bodies
are often threatened by poor water quality [3]. Water quality problems represent a
major global challenge. For example, pollution of water bodies, especially nutrient
loading, has worsened water quality in almost all rivers in Africa, Asia, and Latin
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America. Therefore, future global water demands cannot be met unless concerted
efforts are made to address water quality and wastewater management challenges.
Therefore, sustainable management of freshwater resources needs to aim at
protecting or reducing pollution load of freshwater sources especially streams and
rivers to avoid negative impacts on water quality and ecosystems. In this regard,

constructed wetlands are recognized as potential technology for meeting water
quality and other requirements of these important freshwater sources. The use of
constructed wetlands for water quality improvement is increasing with new
applications and technological possibilities [4, 5]. In recent times, the use of river
diversion wetlands is gaining more relevance for improving quality of water in
riverine systems [6-8]. The incorporation of constructed wetlands into manage-
ment strategies for rivers and streams may help to reduce pollution load and
enhance their absorbing capacity against impacts [9].

Despite the recognition of constructed wetlands as an effective and economical
way of improving water quality, many of those in operation are underperforming.
The shortcomings are partly attributed to limitation and inconsistencies of equa-
tions used in designing them [10-12]. Besides, most of the available design methods
are either related to municipal wastewater treatment or stormwater quality
improvement with the primary aim of peak flow retention to attenuate flood water
which may lead to overestimation. For river diversion wetlands, specific design
criteria have not been fully established, and further research is needed to optimize
existing approach in order to enhance performance capabilities of these types of
wetlands [7]. However, the design of constructed wetlands is generally based on
empirical equations using zero- or first-order plug flow kinetics as basis for
predicting pollutants’ removal and improving water quality [13].

This chapter aimed to provide guidance on the design of a typical river diversion
constructed wetland intended to improve quality of river water. The chapter pro-
vides an overview of factors to be considered for the wetland design, water quality
characterization, wetland inflow estimation, computation of the wetland hydrody-
namic parameters, wetland sizing, and configuration and guide on designing of
conveying and inlet and outlet structures. The approach presented may be useful to
wetland experts as some of the procedures adopted are not popular in wetland
studies.

2. Types of constructed wetland systems

Basically, two main types of constructed wetlands exist. These are free water
surface (FWS) flow and subsurface flow (SSF) systems. FWS flow wetlands operate
with water surface open to the atmosphere, while for SSF, water flow is below the
ground through a sand or gravel bed without direct contact with the atmosphere
[14, 15]. Both are characterized by shallow basins usually less than 1 m deep. FWS
wetlands require more land than SSF wetlands for the same pollution reduction but
are easier and cheaper to design and build [16].

FWS flow wetlands are further sub-classified based on the dominant type of
vegetation planted in them such as emergent, submerged, or floating aquatic plants.
SSF wetlands which are often planted with emergent aquatic plants are best sub-
classified according to their flow direction as horizontal subsurface flow (HSSF),
vertical subsurface flow (VSSF), and hybrid system [17]. Another sub-division of
constructed wetland types which have emerged recently is river diversion wetlands.
These are mostly FWS wetlands located near or within a stream or river system.
They are distinguished according to their location as off-stream and in-stream
wetlands. Off-stream wetlands are constructed nearby a river or stream where only
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a portion of the river flow enters the wetland. On the other hand, in-stream wet-
lands are constructed within the river bed, and all flows of the river enter into the
wetland [18]. Figure 1 shows a typical arrangement of both types.

Potential benefits of river diversion wetlands include merits relating to river
water quality improvement, flood attenuation, increasing connectivity between
rivers and floodplains, and creation of mixed habitat of flora and fauna communi-
ties [8, 19]. The systems are also cost-effective due to their simple designs and
construction when compared to conventional treatment systems. Major drawbacks
of these types of wetland systems relate to emissions of greenhouse gases and losses
of biodiversity which may result from continued pollution loading [20]. Unlike the
in-stream wetlands, a major advantage of the off-stream river diversion wetlands is
that they can be used to mitigate non-point source pollution from agricultural lands
before reaching the river channel. However, off-stream wetlands may require stor-
age and flow control structures to regulate flow and a large space for layout of the
wetlands which may result in high initial costs for land easements. Additionally,
only part of the river flow volume can be treated at a time. On the other hand, space
availability may not be a big issue for in-stream wetlands as they are constructed
within the river bed, and as such the whole river flow volume can be subjected to
treatment. However, it may be difficult to regulate flow especially during river peak
flows and consequently retention time which is an important aspect of wetland for
effective pollutant removal.

Inlet Zone

Diversion

Outlet Zone \)

(a)

Inlet Zone

Outlet Zone

Rl'ver e ———

()

Figure 1.
Arrangement of off-stream and in-stream river diversion wetlands. (a) Off-stream river diversion wetland and
(b) in-stream river diversion wetland.
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3. Design consideration for river diversion constructed wetland

The design of a constructed river diversion wetland is an iterative process
involving site-specific data. Prior to design and construction, site conditions must
be evaluated to assess the appropriateness of the site for the proposed constructed
wetland system [4]. Thus, the following are recommended as part of the design
process:

* Investigation of site characteristics
* Water quality characterization

* Wetland design inflow estimation

3.1 Investigation of site characteristics

Site condition is a very important factor in the design of a constructed river
diversion wetland. This is particularly necessary when a suitable site or land is not
readily available as the situation often limits possible options the designer may
utilize. Thus, site investigation enables the designer to have an idea of the site
characteristics including size of area or land available for the design. However,
where there is sufficient suitable site or land, it gives the designer the latitude and
flexibility of several design options. Therefore, identifying the required area avail-
able for optimal layout of the wetland is vital for effective reduction of pollutants.

Site characteristics to be evaluated when designing and possibly constructing a
river diversion wetland include:

* Proximity of the site to the river system (the site should be situated close to the
source of water to be treated for easy diversion or within the river channel
depending on the type (in-stream or off-stream))

¢ Climate (climate can affect type and size of the space required for the wetland,;
climatic factors that are important include rainfall, evaporation,
evapotranspiration, insolation, and wind velocity)

* Topography of the land (topographic conditions such as natural depressions
and slopes are important consideration; the gradient of the land should
preferably have a gentle slope so that water can easily flow by gravity)

* Groundwater condition (assess groundwater levels within the site in different
seasons to guide against possible contamination)

¢ Soil and environmental condition of the site (the site should contain soils that
can be sufficiently compacted to minimize seepage to groundwater, or necessary
measures should be put in place to minimize groundwater contamination)

* Distance of the site from residential buildings to avoid creating an environment
that is not conducive for inhabitants

After due consideration of the above conditions, a suitable location can be

selected for siting the wetland system, and the designer can then take cognizance of
the space available for the system design.
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3.2 Water quality characterization

Characterization of pollutant concentration of the river water to be treated is
essential for sizing of a constructed river diversion wetland and in creating a clear
understanding of whether the wetland can effectively treat the water or not. Thus,
the constituents of the river water and their respective concentrations need to be
known before beginning the design process of the constructed river diversion
wetland. However, water quality is highly variable especially in rivers due to fluc-
tuations and variability of discharge and contaminant concentration from pollution
sources [21]. Thus, a clear definition of water quality is essential, and it may be
necessary to take into account previous distribution of the contaminants’ concen-
trations in the water over time [4]. According to [22], characterization of the river
water quality can be done based on available data which provides information on
temporal and spatial distribution of parameters of interest and their level of con-
centrations in the water to be treated. Water quality parameters that are character-
ized in most situations include biochemical oxygen demand (BOD), nitrogen,
phosphorus, suspended solids, and coliform bacteria [23]. These are pollutants that
originate mostly from organic sources and are considered of most interest in treat-
ment wetland design [24]. Others include metals, phenols, pesticides, and surfac-
tants which may also be treated. However, these parameters require specific
applications as opposed to organic pollutants [18].

BOD reflects the degree of organic matter pollution, and it is a measure of the
amount oxygen removed by aerobic microorganisms for their metabolic require-
ment during decomposition of organic materials. Nitrogen and phosphorus are
considered as primary drivers of nutrient pollution, and they occur in organic and
inorganic forms. Nitrogen in water is usually measured as total nitrogen, ammo-
nium ion, nitrate, nitrite, and total Kjeldahl nitrogen (sum of organic nitrogen and
ammonium ion) or as a combination of these parameters to estimate organic or
inorganic nitrogen concentrations [25]. Phosphorus in water is usually measured as
total phosphorus which is the sum of organic and inorganic forms of phosphorus
and includes orthophosphate (PO,>"), polyphosphates, and organic phosphates [1].
For microbial contamination, indicator organisms are used to detect the presence of
pathogens (disease causing organisms). Microorganisms mostly considered are
those of fecal origin, and coliform bacteria are most often used to indicate the
presence of fecal pollution [26]. Suspended solids are constituents that remain in
solid state in water and often occur as part of sediments carried in the water.
Measurement of suspended solids is essential as sediments are responsible for con-
taminant transport in water. Metals can exist as dissolved, colloidal, or suspended
forms in water, and their toxicity depends on the degree of oxidation of the metal
ion together with the forms in which it occurs [1]. Metals mostly considered with
high priority in water pollution are arsenic (As), cadmium (Cd), copper (Cu),
chromium (Cr), lead (Pb), mercury (Hg), nickel (Ni), and zinc (Zn) [23]. Never-
theless, selection of any pollutant or combination of pollutants for water quality
improvement will depend on the objectives for which the wetland is designed.
Based on the river water quality characterization, appropriate equations can be used
to determine the required area and organic loading rates of the wetland system.

3.3 Wetland design inflow estimation
The amount of water flow per unit time that passes through a wetland system is
one of the important parameters required in the design of a constructed river

diversion wetland. Flow rate of water is an important hydrological parameter
required to facilitate sizing of a constructed wetland [4]. Even though flow into a
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wetland can be continuous or intermittent, it however passes through the system at
low velocities. There are different approaches employed to determine the quantity
of inflow (volumetric inflow rate) into a wetland, depending on the wetland type,
treatment objectives, and incoming water to be treated.

For wastewater treatment wetlands, inflow is mostly based on wastewater con-
centration and generation rates [27]. Mass loading charts with reference to the
required level of pollutant removal are mostly used in the United States, while in
Europe estimation is based on wastewater generation volume and pollutant con-
centration [27, 28]. For stormwater constructed wetlands, a range of hydrologic
methods are applied to estimate design flows. Typical approaches include the use of
routing in response to a storm event like the average recurrence interval (ARI) flow
criterion, level-pool routing, and estimation of peak runoff flow rate using curve
number (CN) model and rational method [29-31]. The ARI is applied in Australia
and level-pool in Malaysia, and the CN is mostly used in the United States. While all
these methods are mainly applied to stormwater treatment wetlands, they are
however used with reference to specific available data and scenarios in these coun-
tries [29]. Moreover, not all wetlands are designed for treatment of maximum
expected peak flows; otherwise the vegetation are likely to be damaged due to high
flows, and the wetland system would need to be extremely large or the outflow
water quality requirement considerably relaxed. Furthermore, the CN model has
been examined to be inaccurate due to inherent limitation associated with inconsis-
tency of the fixed ratio (A) between initial abstraction (I,) and soil maximum
potential retention (S) in the model [32-34]. The rational method was found to be
more suitable only for estimating runoff for relatively small catchment that is
preferably less than 50 ha [31]. Besides, paucity of site-specific data especially in
Africa can make the use of these methods difficult and inaccurate.

For river diversion wetlands, a specific method for estimating design inflow has
not been fully established [7]. However, more recently, [8] evaluated the perfor-
mance of a river diversion wetland for improving quality of river water using
relations that can be used to estimate design inflow for a similar wetland system.
These relations are presented below.

a= j—:ﬂ (1)
wai

= Sw—i 2

@ Qrd ( )

where a = wetland/river catchment area ratio; = wetland/river flow diversion
ratio; A,,, = river catchment area (ha, m?); Q,4 = average flow volume /discharge in
river (m®, m? per unit time); Q,,_; = inflow rate (m®/d); A, = proposed area of
wetland (m?) based on available space.

Application of the above equations requires estimation of average flow volume
of a river. However, flow rates vary over time because of normal variability in
precipitation patterns, and a key factor governing hydrological regime of rivers is
their discharge variability [35]. Therefore, to determine river flow or discharge
regimes, historical flow data are required, including possible seasonality trend of
the flows, pattern of past flows (low, moderate, and high flows), and stream gauge
information close to the wetland site location [4, 36]. Flow data are important to
facilitate understanding of fluctuations in the amount of flowing water in the river
and to support development of a rating curve for the river where it is not available.
The rating curve has been an important tool widely used for routing purposes in
hydrology to estimate discharge in natural rivers [37]. It is a graphical
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representation that gives relationship between flow regimes and stage heights or
water levels of a river at a given site and over a period of time [35, 38]. However,
very few rivers have absolutely stable flow characteristics, and thus the rating curve
may require revision over time and under unsteady conditions. A comprehensive
review of the various equations developed by several authors for correcting
unsteady to steady flow condition was presented by [38].

3.3.1 Using the rating curve for estimation of river flow regime

Another crucial aspect of wetland design is the estimation of average river flow
regimes. The river flow regimes are required to:

* Guide in determining the amount of water per unit time that can be diverted
into the wetland system without compromising the flow needed for survival of
the river ecosystem.

* Aid the design and estimation of inflow regime(s) for which the wetland
system will be operated since the goal of the wetland is to improve quality of
river water.

Therefore, obtaining or developing appropriate rating curve may be necessary to
facilitate characterization of flow regimes of the river. Based on the rating curve,
the river flows can be classified into low, moderate, and high flows. Figure 2 shows
a typical river rating curve with flows classified into three regimes as indicated. For
example, based on the rating curve (Figure 2), three flow regimes (0.29 m%/s,

1.97 m>/s, and 3.96 m>/s) (marked with dotted red lines) were selected
corresponding to low, moderate, and high flows of the river, respectively. The
classification of the flow regimes into low, moderate, and high flows was based on
their computed flow velocities as presented in Table 1.

For flood or peak flow control wetlands, high flows are often considered for the
design, while for water quality improvement, moderate to low flows are mostly the
target. Where high flow is to be used for design of river diversion wetland intended
for water quality improvement, it may be necessary to include a retention basin in
the design to slow down flow energy and allow for gradual release into the system.

1.6
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-
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o
00

Stage (H) (m)

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00

Discharge (Q) (m3/s)

Figure 2.
Typical river rating curve with flows classified into three regimes.
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Flow regimes = Mean cross-sectional area of river ~ Velocity Velocity* Classification
(m3/s) gauging section (m?) (m/s) groups (m/s)

0.29 3.34 0.09 <0.10 Low flow
1.97 3.34 0.59 0.10-0.60 Moderate flow
3.96 3.34 1.19 >0.70 High flow

*Values of velocity groups adapted from [39].

Table 1.
Classification of the flow regimes.

Since the river diversion wetland under discussion is intended to be designed for
water quality improvement, only a portion of the river flow regimes is required to
be diverted into the wetland system per unit time. Thus, to determine the quantity
of the design inflow rate of the wetland, Eq. (3) derived from Egs. (1) and (2) can
be used together with the average river flow regime(s).

_ AWQVd

A @

wai

where all parameters remain the same as previously defined in Egs. (1) and (2).

The wetland can be designed to operate with the three river flow regimes (low,
moderate, and high) to take into account seasonal flow variability or a single flow
regime depending on the objective and availability of space within the site.

4. Computing hydrodynamic parameters of the wetland
4.1 Wetland design equations

The design of constructed wetlands is generally based on empirical equations
using zero- or first-order plug flow kinetics as basis for predicting pollutant removal
and improving water quality [13]. With zero-order kinetics, the reaction rate does not
change with concentration but varies with temperature [4], while first-order kinetics
simply implies that the rate of removal of a particular pollutant is directly propor-
tional to the remaining concentration of the pollutant at any point within the wetland
[40]. Plug flow means that every portion of flow entering into the wetland takes
almost the same amount of time to pass through it which is rarely the case [41]. The
kinetic equations also considered FWS wetlands as attached growth biological reac-
tors similar to those found in conventional wastewater treatment systems [23]. Gen-
erally, two types of equations are popular that use two different approaches in the
design of FWS wetlands based on “rule-of-thumb” (no account for the many com-
plex reactions that occur in a constructed wetland). There is the volume-based or
zero-order kinetic equation which uses hydraulic retention time to optimize pollutant
removal [42, 43]. The second is the area-based or first-order kinetic equation where
the entire wetland area is used to provide the desired pollutant treatment [44]. The
key difference between the two equations is in the use of kinetic rate constants.
Volume-based equation assumes horizontal or linear kinetics and uses volumetric and
temperature-dependent rate constant, with calculations being based on available
volume of the wetland and average water temperature. The area-based equation
assumes vertical or areal kinetics and uses rate constants which are independent of
temperature but related to the wetland surface area. The volume-based equation was
developed by [43], and the equations are presented below:
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% _ e—KTt (4)

Kr = Kgg! T %) (5)

where C, = outflow pollutant concentration (mg/1); C; = inflow pollutant
concentration (mg/1); ¢ = nominal hydraulic residence or retention time (d);
Kr = reaction rate constant for BOD at T}, (/d); Ky = rate constant at T (/day);
Or = temperature coefficient for rate constant; Ty = reference temperature (°C);
T, = ambient or water temperature (°C).

The area-based model equation was developed by [44], and the equations are
presented below:

C.—C*
— h
c-c ¢ ©)

where C* = background pollutant concentration (mg/1); K; = reaction rate
constant for phosphorus and fecal coliform (m/d); &; = hydraulic loading rate
(m/d); Q,,_; = inflow rate (m3/d); A, = proposed area of wetland (m?) based on
available space and other parameters as defined in Eq. (1).

The volume-based model was developed based on those parameters that are
removed primarily by biological processes such as biochemical oxygen demand
(BOD), ammonia (NH,), and nitrate (NOj3). The areal equation considered more
parameters and in addition includes total suspended solids (TSS), total phosphorus
(TP), total nitrogen (TN), and fecal coliform (FC). According to [45], while the
[43] method provides a relatively conservative area estimate, [44] approach may
require considerable land space, depending on the pollutant concentration limit.
Furthermore, the [45] model appears to be less sensitive to different climatic con-
ditions as temperature changes are only considered significant for nitrogen removal
[46]. However, temperature plays an important role in constructed wetland sys-
tems as it enhances higher biological activity and productivity which may lead to
better performance of the systems [47, 48]. For this reason, the use of these models
may lead to wide variations in performance due to effect of changes in climatic
conditions. Additionally, many authors have developed more complex models like
the Monod-type and mechanistic compartmental models [49, 50]. However, the
[43, 44] models appear to be more straightforward and can be applied with ease by
wetland designers [13]. Data limitation on operational performance of constructed
wetlands prevented the development of equations which can clearly describe the
kinetics of known wetland processes [23]. Thus, optimal design of constructed
wetland systems has not yet been determined. However, in order to take advantage
of [43, 44] models and ease complexity of computation, [24] presented a simplified
approach for the design and sizing of FWS constructed wetlands using the two
equations. The approach was based on performance criteria for the removal of four
water quality parameters that included BOD, nitrogen, phosphorus, and coliform
bacteria. According to [24], rates of BOD and nitrogen removal are principally
temperature dependent and therefore utilized equations proposed by [43] model
for removal of these parameters. On the other hand, the reduction of phosphorus
and coliform bacteria was assumed to be governed by physical processes which are
less temperature-dependent, and thus [44] equations were used. In addition,

[24, 51] proposed the following relationships for nominal hydraulic retention time
and removal of total nitrogen (TN), respectively.
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where V,,_, = wetland nominal volume (m?); y,, = theoretical or nominal depth
of wetland water flow (m); @ = porosity (percent, expressed as decimal fraction);
K7p = reaction rate constant for denitrification (/d); K1y = reaction rate constant
for nitrification (/d) and other parameters as defined in Egs. (1), (3), and (4).

The authors recommended that the above equations can be used together with
those presented by [43, 44] to determine the hydrodynamic and size parameters of
a new FWS flow constructed wetland, depending on the target pollutant or combi-
nation of pollutants (BOD, nitrogen, phosphorus, and coliform bacteria) required to
be removed from the wastewater. As indicated by [52], the approach presented by
[24] is useful in the design of a new FWS constructed wetland and for performance
evaluation of existing ones.

4.2 Using a combination of equations for river diversion wetlands

The use of a combination of wetland design equations proposed by [24, 51] was
found to be useful for determination of river diversion wetlands’ hydrodynamic
parameters. These parameters include nominal hydraulic retention time and
hydraulic loading rate.

4.2.1 Hydraulic retention time (HRT)

Determination of nominal hydraulic retention time is important for design guide
and estimating possible pollutant removal ability of the wetland system. Thus, the
nominal HRT for a river diversion wetland can be estimated based on the kinetic
equations governing the removal of basic water quality parameters (BOD, nitrogen,

Parameter Empirical equations Equation no. Source
BOD (mg/l) % — ¢ Kt (1) [41]
Kr = 0.678 (1.06)™ % (1) [12]
TN (mg/l) G — ¢kt . Kot _ gKnvt Koot ©) [12]
Ky = 0.2187(1.048) 7720 (12)
Krp = (1.048)T+%0 (13)
TP (mg/1) % _ e’,f—[f (10) [22]
£= 2 (14) [13]
FC (CFU/100 ml) G _ & (10) [22]
p =22 (14) [13]

Note: K; = reaction rate constant for TP = 0.0273 m/d and FC = 0.3 m/d); @ = porosity or space available for water
Sflow through vegetation (0.65-0.75); T,,= water or ambient temperature.

Table 2.
Parameters and equations for computing design HRT.
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phosphorus, and coliform bacteria), often used for sizing of constructed wetlands.
Table 2 shows the parameters and kinetic equation used for determining the
nominal HRT.

4.2.2 Hydraulic loading rate (HLR)

The HLR of the wetlands system can be computed using Eq. (7) by [44]. The
determination of the HLR is essential to guide in the design and can assist to avoid
overloading the system. Thus, the design may confirm the organic loading rate is
within the wetland limit; an equation developed by [51] can be used to compare the
K value with the loading rate. The equation is presented as:

(10)

where all parameters remain the same as defined in Egs. (1), (2), and (4).

5. Wetland sizing and configuration

Sizing is an important component of wetland design and vital for pollutant
removal processes to take place. Most of the design recommendations provided
certain approaches to wetland sizing to maximize removal of pollutants. For waste-
water treatment wetlands, population equivalent (PE) is mostly employed for the
determination of design wetland area. The required surface area is usually expressed
as unit area per population equivalent (m*/PE). For example, 5-10 m*/PE was
recommended for FWS, while for SSF it ranges between 2 and 5 m”*/PE depending on
the type (HSSF, VSF, and hybrids) [27]. For stormwater wetlands, the typical
approach is to consider relative percentage of the contributing catchment area or
connected impervious area, and 1-5% of the contributing watershed was
recommended as actual sizing criterion [4]. For full-scale river diversion wetlands, a
minimum of 2-7% of the total catchment area was recommended as wetland area
[20]. However, such sizing criteria pose challenges of overestimation and do not
account for any performance consideration [53]. Therefore, such prescribed wetland
sizing criteria may be unrealistic due to space limitation and cost. Nevertheless, an
approach derived based on empirical determination of actual area required for pol-
lutant removal with reference to hydraulic loading rate as presented by [24] appears
to be more realistic for estimating actual area of river diversion wetlands intended for
water quality improvement. Thus, the actual area required for such a wetland system
can be determined using Eq. (16) which was derived from Eq. (8) by [24].

— wai r

A
wc yw @

(11)

where A, = actual area of the wetland (m?) and other parameters as defined in
Eq. (8).

For ease of operational control (flow control and water level adjustment) and
increased removal efficiency, multiple wetland units often referred to as cells may
be used where possible than a single unit wetland. This is particularly more appli-
cable to design of off-stream river diversion wetland. Multiple cells have the
advantages of providing greater flexibility in design and operation and enhancing
the performance of the system by decreasing the potential for short-circuiting.
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Wetland cell size depends primarily on water quality treatment needs and cost
considerations.

The actual area of the wetland is then computed using Eq. (16). Based on the
computed values, the actual area of the wetland is thus selected as the maximum of
areas obtained for each of the target pollutants (BOD, nitrogen, phosphorus, and
coliform bacteria).

Wetland system configuration is an important element in the design of river
diversion constructed wetland technology. After determining an appropriate wet-
land size, it is necessary to define the system configuration or layout by choosing an
appropriate aspect ratio. Aspect ratio represents length (L) to width (W) ratio
(L/W) of the wetland. It was suggested that choosing a good aspect ratio can assist
to minimize short-circuiting and maximize flow distribution within the wetland
system for biological activities [54]. Aspect ratio of as low as 1:1 was recommended
for SSF [55], while length to width ratio of between 3:1 and 5:1 was recommended
for FWS from an optimal point of view by [23]. However, based on findings by
[56], 10:1 was recommended for FWS for good hydraulic efficiency. For water
quality improvement, a river diversion wetland should be designed to operate with
the most efficient aspect ratio.

Wetland bed slopes are also critical to maintain a uniform water depth through-
out the wetland system and facilitate drainage. In order to minimize short-
circuiting, a uniform bed slope from inlet to outlet is recommended. Thus, the bed
slope for SSF should be 2% or less, while that for FWS should be 0.5% or less [14].
A river diversion wetland can also be designed to operate with similar bed slope as
recommended for FWS since they are related in mode of operation.

6. Water conveying system: inlet and outlet structures of the wetland

This aspect of the wetland design focused on selecting or designing a water
conveying system, inlet and outlet control structures that can facilitate flow and
distribute inflow and drain outflow water from the wetland effectively. Depending on
the type of river diversion wetland, flow diversion structure may be designed to
consist of either a pipe or channel system and should function to provide a controlled
flow of water to the wetland. However, it is necessary to be explicit about flow
capacity at the time of design so that appropriate sizing of flow diversion structure
can be made. Generally, the design flow conveyance structure is based on hydraulic;
therefore the reader is referred to hydraulic books for detailed information.

In order to ensure that the inflow water is uniformly distributed across the entire
wetland area, multiple entry openings or gates should be considered rather than
single to deliver the range of design flow regimes required. Flow control structures
should be used to control inflow rate and maintain water levels. Control valves or
weirs or a combination can be used depending on the type of inlet structured
selected. Since the wetland system is for water quality improvement, high incoming
water velocities should be discouraged. Therefore, energy dissipation system may
be required for the incoming water to provide protection for the wetland inlet. The
inlet openings should be designed large enough to avoid obstruction. Inlet zones
should provide access for sampling and flow monitoring.

Wetland outlet design is essential in avoiding possible dead zones and control-
ling water level and for monitoring flow and water quality. Depending on the size of
the wetland, a combination of outlets (primary and secondary) or multiple outlets
consisting of hydraulic control structures can be considered to collect and discharge
treated water for the range of design flow regimes and maintain required water
storage level. The purpose of the primary outlets is for water quality control, while
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the secondary is to act as a spillway and control flows in excess of the maximum
design flow regime. Different types of control structures are available that can be
used to control water level within the wetland. These may include number of
individual pipes that fit together in a combination to obtain the desired water level,
drop structures, or weirs. The design requirements of drop control structures and
weirs can be found in hydraulic books. The outlet or water level control structure
should be able to completely dewater the wetland when needed and allow for
changes to be made easily.

7. Conclusion

The management and restoration of water bodies like rivers should go beyond
protection through the use of regulations. It should also make the most of opportu-
nities that arise from using ecosystem properties to enhance self-purification
capacity of rivers for water quality improvement. A key consideration is the use of
constructed river diversion wetlands.

This chapter provided guidance on the design of a river diversion constructed
wetland aimed at improving quality of river water. The use of a combination of
empirical equations was presented to guide in the estimation of the actual wetland
area rather than relying on an assumed rate. The design approach using these
equations may present a promising method for the design of river diversion wet-
lands. Furthermore, this novel approach may be useful to wetland experts as some
of the procedures adopted are not popular in wetland studies. This may provide
opportunity for wetland designers to document approaches that have been found
promising and come up with suitable design criteria for constructed river diversion
wetlands.
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Chapter 5

The Tourism Impacts of Lake Erie
Hazardous Algal Blooms

Matthew Bingham and Jason Kinnell

Abstract

Nutrient loading and warming waters can lead to hazardous algal blooms
(HABs). Policymakers require cost-effective valuation tools to help understand
impacts and prioritize adaptation measures. This chapter evaluates the tourism
impacts of HABs in Western Lake Erie based on HABs that occurred in 2011 and
2014, both through a unique temporal and spatial specification of HAB severity as
well as input/output analysis and decomposition of trips and profitability.

Keywords: hazardous algal blooms, HABs, nutrient loading, socioeconomic,
benefits transfer, Lake Erie, input/output, tourism

1. Introduction

Attractive inland waters such as western Lake Erie can provide significant
tourism services [1]. Hazardous algal blooms (HABs) that tend to result from
warm water and nutrient loading result in murky and unpleasant water (Figure 1),
potentially interrupting the $12.9 billion tourism industry in the region and putting

Figure 1.
Maumee Bay State Park, Ohio, 2013 HAB. Source: Ref. [2].
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at risk up to 119,491 jobs in the sector [3]. Tourism losses can further disrupt local
economic activity as tourists provide important demand for residential and hotel
rentals, as well as other local expenditures such as restaurants and shops. As a result,
profitability impacts to tourism can influence residential and commercial property
values. Consequently, the economic implications of HABs in western Lake Erie are
far-reaching and complex. In 2014 the authors of this chapter analyzed the socio-
economic impacts of HABs in western Lake Erie. This chapter summarizes an evalu-
ation of HAB effects to tourism that was part of a larger study of impacts to regional
economic welfare including effects on property values, tourism, and recreation [1].

2. Ecological services and economic benefits

The study employs a forward-looking perspective in order to identify the
economic benefits of reductions in future HABs. The economic methods employed
are based on willingness to pay for ecological services. Reductions in these services
impact economic values. That results in changes to behaviors and activities, ulti-
mately affecting economic benefits. This process is depicted in Figure 2. This study
examines the impact of reduction in quality of ecological services, which leads to
changes in behaviors and activities, ultimately creating economic costs. This process
is depicted in Figure 2.

As Figure 2 depicts, there are many potentially interrelated ecological services.
As aresult, changes in these services affect behaviors and activities that are also
interrelated. For example, lower boating quality could affect local boating trips,
curbing tourism, which reduces commercial activity and profits as well as both
commercial and residential property value.

Conceptually, this study relies on the assumption that individuals express their
desires through their choices and trade-offs. Economic gains and losses are mea-
sured through consumer surplus—the difference between the amount someone
is willing to pay for a good or service and the market value of that same item. For
example, if someone is willing to pay $7 for an item with a market price of $4, then
that item has a consumer surplus of $3.

Ecological

p Behaviors/Activities Benefits/Costs
Services
pr—-
Recreate Satisfaction
Seanie
Enjoy Property »| Property Value
—
Fishing 7
Drinking Ineur Costs »| Expenditures
Boating
Swimming p—- Tourism Jobs
——- |  Commercial ‘: Profits
Figure 2.

Economic relationships.
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3. HAB scenarios studied in this effort

HABs of varying levels of severity are likely to recur in Lake Erie. Their size
and location are difficult to predict, but mitigation may allow for the avoidance of
potentially large and far-reaching economic effects. Consequently, when consider-
ing the immediate (i.e., within-year) effects, this study uses past HABs to predict
the economic effects that would accompany reductions in future HABs.

This study focuses on the most damaging recent HABs in 2011 and 2014, and
the consequent service reductions for those years. While information about beach
closures is available, there are no data specifically analyzing reductions in tourism,
or quantitative analyses of the impacts of these two HABs While visual data show-
ing reductions in ecological service (such as contaminated shorelines or clogged
marines) are readily available, a lack of quantitative or written analysis hinders
precise analysis of the date, location, and severity of past HABs.

Given this limitation, this study uses news reports and satellite images to create
ascale of HAB severity [4]. Since most overhead images of Lake Erie’s algal blooms
are not precisely dated, the study relies on date-stamped satellite images from
NOAA such as that depicted below (Figure 3).

For several years up to 2012, NOAA posted Medium-Spectral Resolution
Imaging Spectrometer (MERIS) imagery of Lake Erie. Since then, NOAA has
posted images of Lake Erie HABs from the Moderate Resolution Imaging Spectro-
Radiometer (MODIS) on the AQUA satellite. Both MERIS and MODIS imagery
are dated at least weekly [6]. An example satellite view is depicted above. This
study uses a scale ranging from 0 to 1 to quantify HAB severity in a given area of
Lake Erie.

This study uses the finest degree possible of both temporal specificity—
weekly analysis—and spatial specificity—county-level for mainland shorelines
in addition to three island groupings. Severity ratings by week and month were
developed for 2011 and 2014 from July through October. Table 1 below analyzes
July of 2011.

This information was incorporated into the evaluation of effects to tourism.

Figure 3.
Satellite view of Lake Erie HAB. Source: Ref. [5].
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Location 2011 July weeks

1st 2nd 3rd 4th
Essex mainland 0 0 0.25 0
Pelee Island 0 0 0 0
Wayne (southern tip) 0 0 0 0
Monroe 0 0 0.50 0.50
Lucas 0 0 0.50 0.25
Ottawa mainland 0 0 0 0
Bass Islands 0 0 0 0
Sandusky 0 0 0.50 0.25
Erie mainland 0 0 0 0
Kelleys Island, Erie County 0 0 0 0

Table 1.
Severity rating for HABs in the Western Basin of Lake Erie, July 2011. Sources: [6-9].

4, Tourism and commerce

Since tourism, business demand, and commercial property values are all
closely related, by affecting tourism HABs can in turn negatively impact all three
economic sectors in areas close to western Lake Erie. For example, a well-publicized
HAB event would almost certainly reduce tourism, in turn lowering revenue for
businesses such as local restaurants, hotels, and charter boat operators. As these
businesses lose revenue, they would likely purchase fewer supplies, affecting
other businesses upstream in the supply chain. Finally, since these businesses would
be expected to purchase less labor due to lower demand, either by hiring less or
through layoffs, the local economy suffers as a result of lost local wages.

Ultimately, these sorts of effects would be reflected in business balance sheets as
reduced revenues and profitability. Additionally, since affected businesses’ values
are most likely tied to their assets and the real estate they occupy (for example,

a marina is not easily converted to some other use), on-going balance sheet effects
would ultimately lead to reductions in commercial real estate values.

There are many challenges to understanding the implications of changes in
tourism from HABs. The clearest challenge obstructing a precise analysis of these
impacts is a lack of data either on the amount of tourism at risk or the specific
impact of HABs on tourism. For example, while county-level data exists for total
expenditures on tourism, this includes tourism which would not be interrupted by
HABs or other discouraging factors.

An additional challenge relates to the distinction between economic benefits
(willingness to pay) and economic impacts (expenditures), and the measure-
ment of the economic benefits that arise from economic impacts (profits). For
example, consider a restaurant owner who loses $10,000 in revenue because of a
HAB. The owner’s willingness to pay to recover that revenue; is (roughly speaking)
the lost profit on that revenue. This is more difficult to identify than lost revenue.
Understanding the negative effects of HABs upstream in a supply chain requires
knowing what expenditures were foregone, which depends on the operation’s vari-
able cost situation with respect to employees (salaried or not) already purchased
foodstuffs (perishable or not) and utilities. To address this issue, the study identifies
expenditure changes and then characterizes benefits associated with those changes.
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An additional issue is that changes in tourism may represent changed rather
than lost trips. A tourist who does not go to the western basin because of HABs
might instead go to the central basin, or somewhere else. As a result, changes in
demand in one area have an opposite effect in other areas. To address this, we limit
the geographical scope of the study to a region affected by HABs.

Finally, because commercial property values tend to be linked to business
profitability, evaluating both risks double-counting. This study focuses on
business profitability.

The remainder of this chapter presents the detailed methods and results.
Counties studied are United States counties depicted below (Figure 4).

Due to differences in available data, slightly different methods are applied for
Ohio, and Michigan.

4.1 Ohio tourism

As different sorts of information are available by region, varying approaches
are applied. This sub-section explores potential effects in Lucas, Ottawa, Sandusky,
and Erie counties. The approach relies on estimates of expenditures per trip.
Expenditure and trip data in Ohio are collected from [3, 10] which indicate $110
per Ohio day visitor in 2013. This is 57.4% of total visitor spending and 80% of total
Ohio visitors. Some 33% are from Toledo and Cleveland.

Spending from overnighters in 2013 was estimated at $335 per day—42.6% of
total Ohio visitor spending. These visitors were 20% of total visitors. Of these, 20%
are with relatives and friends. Average of nights per trip was 3.2 nights per trip
and that of members per party was 3.4. Eighteen percent of these visitors went to a
beach at a lake. Consumers spend the most on transportation, as well as food and
beverage, since both day and overnight visitors spend money in these categories.
Lodging only accounts for 11% of spending, while retail and recreation expendi-
tures are almost one-third of Ohio visitor spending.

These expenditure rates can be subdivided based on trip type and expenditures.
For example, day visitors spend $110 per visitor with none of that being for air
travel or lodging. Overnight visitors’ costs vary depending on if visitors stay with
friends/family or in commercial lodging. For the purposes of this study, we presume
overnight visitors who stay with friends and family do not spend money on lodging
and overnight visitors who stay with friends and family spend an average of $244.
Those who stay in commercial lodging places spend about 10% more on food and
beverages than overnight visitors who stay with friends and family. On average this
is $358 per day for each overnight visitor who pays for lodging.

Figure 4.
Counties studied.
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Per-day expenditures vary by type of visit. In order to capture the full effect
of changes in tourism using available tourism information, the effect of consumer
expenditures must be extrapolated in terms of their implications for expenditures
in other parts of the supply chain. To do so, we apply a mathematical-economic
technique called input/output analysis [11]. Input/output analysis can be used to
assess the effects of direct changes in expenditures through indirect impacts which
arise in supplying industries and induced impacts which result from changes in
local employment impacts to local expenditures.

Impacts are estimated using IMPLAN [12] with equations and data from ZIP
codes on the shoreline of Lake Erie in Lucas County, Ohio. IMPLAN contains
detailed input-output information on more than 500 economic sectors at the
national, state, county, and ZIP code level.

Expenditures are apportioned over these sectors at the rate that they appear in
the IMPLAN data and then simulations are conducted using IMPLAN. The sum of
per-trip indirect and induced effects is a fraction of direct effects.

The approach for estimating tourist trips and dollars at risk in Ohio begins
with estimates of by county tourism economic impacts in 2013. These are available
from [3].

These are converted into a composite trip. Modeling in IMPLAN indicates the
economic impact of an average tourist day is $210. This approach provides estimates
of tourist trips from outside Ohio’s western basin shoreline counties, before narrow-
ing the scope to trips that would potentially be affected by HABEs, i.e. trips related
to Lake Erie which occur when HABs are present in Lake Erie. Based on [10] which
indicates that hotel stays are evenly distributed over the year and that 18% of tourist
trip to Ohio are visits to lakeside beaches, the late summer and early fall account for
12% of annual days. Tourist days that are at risk from HABs are calculated as 2.16%
of trips (0.18 x 0.12 = 0.0216). The percentage of shoreline trips is not available, and
10% is specified. This process results in estimates of Ohio tourist dollars at risk that
range from $66 million to $305 million.

Based on a percent of diverted trips of 5 and 10% Ohio tourist dollar losses on the
low-end total approximately $3 million. On the high end, they exceed $30 million.
Considering these estimates of lost revenue, it remains to consider the benefits
associated with these. Changes in profit are the best-available representation of the
benefit (willingness to pay) for changes in revenue. Profit is the difference between
costs and revenues.

The authors of [13] report restaurants earn from 4 to 6% median income on
revenue before taxes. According to calculations derived from [14] losing a marginal
customer could impact restaurant profit anywhere from 5 to 68%, so long as labor
and operating costs remain constant. This implies high-end lost profits of $20.79
million and low-end estimates of $165,000.

4.2 Michigan tourism

Wayne and Monroe counties are in Michigan and adjacent to Lake Erie. Because
only a small portion of Wayne County is exposed and impacts there are minimal
Wayne County was not evaluated. Using methods similar to those that were applied
for Ohio the number and types of trips that would sum to 14 million visitors to
Monroe County were evaluated [15, 16].

These 14 million visitors indicate a total of 74,288 trips at risk from the
presence of HABs. This further breaks down to 24,728 day trips, 25,276 unpaid
overnight trips, 16,355 at a hotel, and 7930 at a bed and breakfast that are at-risk.
This is associated with $18.2 million. With indirect and induced effects included
a total of $24.78 million in tourism economic impact is at risk in Monroe County.
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Using methods as described for Ohio, there are high-end lost profits of $1.685
million and low-end estimates of $124,000.
5. Conclusions

Tourism is a dynamic activity that can be easily affected by negative events such
as HABs. Ohio tourist dollars at risk from HABs range from $66 million to $305
million. Associated high-end lost profits are $21 million but could be under $1 mil-
lion. In Michigan, about $25 million in tourism economic impact was judged to be at
risk, which was associated with lost profits of $1.7 million on the high end. Deriving
these results from available data requires numerous assumptions, and result in large
ranges of uncertainty.
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Chapter 6

Constructed Wetlands in
Wastewater Treatment and
Challenges of Emerging Resistant
Genes Filtration and Reloading

Donde Oscar Omondi and Atalitsa Caren Navalia

Abstract

A wetland is a unique and distinct ecosystem that is flooded by water, either
permanently or seasonally, where oxygen-free processes prevail, and the primary
distinctive factor of wetlands from other landforms or water bodies is the occurrence
of adaptive vegetation of aquatic plants, characteristic to the unique hydric soil. A
constructed wetland is an artificial shallow basin filled with substrate, usually soil
or gravel, and planted with vegetation that has tolerance to saturated conditions.
As much as the use of constructed wetland has been recommended in the treat-
ment of various forms of wastewater, the system efficiency is a factor of very many
natural and artificial factors, with the emerging pollutants and contaminants such
as resistant genes being the most complicated contaminants to eliminate through
the system. Indeed, the emerging pollutants in forms of antibiotic resistant genes
(ARGs) have remained prevalent in aquatic environments such as wetlands that
receive ARG-loaded sewage. Therefore, this chapter covers a discussion on con-
structed wetlands in wastewater treatment and challenges of emerging contami-
nants, such as resistant genes filtration and reloading mechanisms, and provides
recommendation for the proper handling and removal of such pollutants from the
wetlands’ functional system.

Keywords: antibacterial resistant genes, constructed wetlands, emerging pollutants,
wastewater treatment, wetlands

1. Introduction

Wetland is a unique and distinct ecosystem that is flooded by water, either
permanently or seasonally, where oxygen-free processes prevail, and the pri-
mary distinctive factor of wetlands from other landforms or water bodies is the
occurrence of adaptive vegetation of aquatic plants, characteristic to the unique
hydric soil [1, 2]. The modified form of wetland is termed “constructed wetland.”
Constructed wetlands for water treatment are complex, integrated systems of
water, plants, animals, microorganisms, and the environment [3, 4]. Wetlands play
anumber of functions, including water purification, water storage, processing and
recycling of carbon and other micro and macro nutrients, stabilization of shore-
lines, and support of plants and animals. While wetlands are generally reliable,
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self-adjusting systems, an understanding of how natural wetlands are structured
and how they function greatly increases the likelihood of successfully constructing
a wetland treatment system [5, 6].

The cleansing of water has always occurred through natural processes as the
water flows through rivers, lakes, streams, and wetlands, and in the last several
decades, systems have been constructed to use some of these processes for water
quality improvement [7]. Wetlands are now highly preferred as systems for
improving the quality of point and nonpoint sources of water pollution, including
stormwater runoff, domestic wastewater, agricultural wastewater, as well as coal
mine drainage [4]. To enhance sustainability in wastewater management, the use of
constructed wetlands has been applied in the treatment of different forms of wastes.
Artificially created wetlands have been successful in the treatment of petroleum
refinery wastes, wastes from sugar factory, leachates from landfills and composts,
wastes from aquaculture systems, wastes from pulp and paper mills, and wastes
that emanate from slaughter houses, textile mills, and plants that process sea food.
Under the management of these wastes, the constructed wetlands can serve as the
sole treatment or may be part of an integrated wastewater treatment system [8].

Antimicrobial resistance (AMR) is defined as the ability of a microbe to resist the
effects of medication that was once successful and efficient in treating the microbe
[9]. The term antibiotic resistance (ABR) is a subset of AMR, as it applies only to
bacteria becoming resistant to antibiotics. The AR phenotypes can arise within a
microorganism through the lateral and horizontal gene transfers and mutation. The
mutations of the chromosomal DNA alter the existing bacterial proteins, through
transformation, resulting in the creation of mosaic proteins and/or as a result of
the transfer and acquisition of new genetic material between bacteria of the same
or different species or genera [10]. The emerging pollutants in forms of antibiotic
resistance genes (ARGs) have remained prevalent in aquatic environments such as
wetlands that receive ARG-loaded sewage [11].

As much as the use of constructed wetland has been recommended in the treat-
ment of various forms of wastewater, the system efficiency is a factor of very many
natural and artificial factors, with the emerging pollutants and contaminants such
as resistant genes being the most complicated contaminants to eliminate through
the system [11, 12]. Moreover, some studies have reported constructed wetlands as
reservoirs to various forms of resistant genes, which trap them and release them to
other aquatic systems, hence contributing to their higher concentration in streams,
rivers, or lakes [13]. Numerous suggestions have been provided to improve wetland’s
functional effect, efficiency, and predictability and provide a proper ecosystem
management [6, 7]. This chapter covers a discussion on the constructed wetlands in
wastewater treatment and the challenges of emerging related contaminants, such as
resistant genes, and provides recommendation for the proper handling and removal
of such wastes from the wetland’s functional system.

2. Wetlands as functional systems

Wetlands are ecotones/transitional areas between land and water, with indis-
tinct boundaries between the wetland area and uplands or deep water [14]. The
definition expansion of the term wetland covers a broad range of systems that
range from marshes, bogs, swamps, wet meadows, tidal wetlands, floodplains, and
ribbon (riparian) zones along stream channels. However, all wetlands, whether
they are natural or artificial, freshwater, or salty, pose a single characteristic or
numerous characteristics, and they occur within the surface or near-surface water,
whether they are permanently or temporarily submerged under water [15]. In most

84



Constructed Wetlands in Wastewater Treatment and Challenges of Emerging Resistant Genes...
DOI: http://dx.doi.org/10.5772/intechopen.93293

wetlands, hydrologic conditions are such that the substrate is saturated long enough
during the growing season, a mechanism that creates oxygen-poor conditions in the
substrate, limiting the vegetation to those species that are adapted to low-oxygen
environments [16].

Wetlands provide a number of functions and benefits. Wetland functions are
inherent processes occurring in wetlands; wetland values are the attributes of wet-
lands that society perceives as beneficial [17]. The wetland hydrology is generally
one of slow flows with either shallow waters or saturated substrates, which allows
sediments and other pollutants, including emerging contaminants to settle as the
water passes through the wetland system. The occurrence of slow flows provides
prolonged contact times between the water and the surfaces within the wetland
[15]. The wetland treatment mechanisms are anchored on the complex mass of
organic and inorganic materials, with diverse opportunities for gas/water inter-
changes, which foster a diverse community of microorganisms that break down
or transform a wide variety of substances [7]. Within the wetland’s ecosystems,
there are dense growths of vascular plants adapted to saturated conditions, which
slow the water, create microenvironments within the water column, and provide
attachment sites for the microbial communities as well as other contaminants. The
litter that accumulates as plants die back in the fall creates additional material and
exchange sites and provides a source of carbon, nitrogen, and phosphorous to fuel
microbial processes [18].

Even though, not all wetlands can perform all functions and values, majority of
them provide several benefits. When subjected to appropriate ecological manage-
ment without any threats, majority of wetlands can provide the following:

I. Water quality services

I1. Flood storage services under excessive precipitation and the desynchroni-
zation of storm

III. Nutrients and other materials cycling services
IV. Habitat for fish and wildlife
V. Services for passive recreation, such as bird watching and photography
VL. Services for active recreation, such as hunting education and research
VII. Services for esthetics and landscape enhance merit
2.1 Constructed wetlands

A constructed wetland is an artificial shallow basin filled with substrate, usually
soil or gravel, and planted with vegetation that has tolerance to saturated condi-
tions. Water is then directed into the system from one end and flows over the sur-
face (surface flow) or through the substrate (subsurface flow) and gets discharged
from the other end at the lower point through a weir or other structure, which
controls the depth of the water in the wetland [11]. Several forms of constructed
wetlands have been introduced, including surface flow wetlands, subsurface flow
wetlands, and hybrid systems that integrate surface and subsurface flow wetland
types [6, 19]. Constructed wetland systems can also be combined with conventional
treatment technologies to provide higher treatment efficiency [8]. The choice of
constructed wetland types depends on the existing environmental conditions and
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how appropriate they are for domestic wastewater, agricultural wastewater, coal
mine drainage, and stormwater [6].

Constructed wetlands have been widely used in the treatment of primary or
secondary domestic sewage effluents, and others have been used to treat domes-
tic wastewater and have also been modeled to handle high organic loads associ-
ated with agriculture or domestic wastewater [5]. A large number of constructed
wetlands have also been built to treat drainage from active and abandoned coal
mines [20]. The constructed wetland technology has recently been used in the
control and management of stormwater flows, and its application in reducing
the impacts by stormwater floods within urban areas is expanding globally [21].
The constructed wetland technology is not only preferred in stormwater flow
control but also in the treatment of wastewater, and its preference is based on
its low cost, low energy requirement, and need for minimal operational atten-
tion and skills. Due to its numerous merits and high sustainability potential,
there is an increasing extensive research on its practical application to expand
the knowledge on its operation and to provide more insight on its appropriate
design, performance, operation, and maintenance for optimum environmental
benefits. Even though the constructed wetlands are sturdy and effective systems,
their performance depends on the periodic improvements to handle emerging
contaminants such as antibiotic and antibacterial resistant genes, and for them
to remain effective, they must be carefully designed, constructed, operated, and
maintained [11, 12].

2.2 Components of constructed wetland

Constructed wetland is a system that puts together different units that work
together to ensure that its intended purpose is achieved. Constructed wetland
systems entail a properly designed and constructed basin that holds water, a
substrate that provides filtration pathways, habitat/growth media for the needed
organisms, and also communities of microbes and aquatic invertebrates, which
in most cases develop naturally. Most importantly, constructed wetlands also
hold vascular plants whose nature depends on the intended purification role and
efficiency. The efficiency of the constructed wetlands in waste treatment depends
on the interaction and maintenance of these components [22].

In a constructed wetland system, natural geochemical and biological processes
within a wetland realm are involved in the treatment of metals, explosives, and
other contaminants that exist within the water. Normally, there are three primary
components in a constructed wetland. Constructed wetland has an impermeable
layer (generally clay). It also has a gravel layer that acts as a substrate needed
for the provision of nutrients and support to the root zone. It also has an above-
surface vegetation zone [16]. The impermeable layer within the constructed
wetland system prevents infiltration of wastes down into underground aquifers.
The gravel layer and root zone comprise of a layer where water flows and bioreme-
diation and denitrification occur. The above-ground vegetative layer contains the
well-adopted plant material. Within the wetlands, both the aerobic and anaerobic
processes occur, and these can be divided into separate cells [5, 16]. Groundwater
can be made to flow through pumping or naturally by gravity through the wet-
land. Within the anaerobic cells, plants and other natural microbes are involved
in the degradation of the contaminant. The aerobic cell performs the work of
further improving the water quality through continued exposure to the plants and
the movement of water between cell compartments. The use of straw, manure, or
compost with little or no soil substrate has been beneficial in the wetlands con-
structed primarily for the removal of metals. However, for wetlands constructed
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to treat explosives-contaminated water, certain plant species are used to enhance
the degradation through a process termed phytoremediation [23].

2.2.1 Water

Wetlands are formed on substrates that are fully or partially submerged in water,
where a relatively impermeable subsurface layer prevents the surface water from
seeping into the ground [1, 2]. These conditions can be created with few modifica-
tions to form a constructed wetland. A constructed wetland can be built almost
anywhere in the landscape by shaping the land surface to collect the surface water
and by sealing the basin to retain the water [7]. Hydrology that enhances the linking
of all the functions in a wetland system stands as the most important design factor
to be considered in constructed wetlands, as it is often the primary factor in the
success or failure of most constructed wetlands. Therefore, planning and putting
up of constructed wetlands require the contribution of a qualified hydrologist to
ensure that all the hydrological requirements and conditions are taken care of [24].
Even though the hydrology of most constructed wetlands is very much similar to the
other surface and near-surface water, it does differ in several important respects.
Small changes in hydrology can have fairly significant effects on a wetland’s func-
tionality and its treatment effectiveness and efficiency. Indeed, due to the large
surface area of the water and its shallow depth, a wetland system interacts strongly
with the atmosphere through rainfall and evapotranspiration. This (the combined
loss of water by evaporation from the water surface and loss through transpiration
by plants) and the density of the vegetation of a wetland strongly affect the con-
structed wetlands’ hydrology. This can be experienced through the obstruction of
water flow paths as the water finds its sinuous way through the network of stems,
leaves, roots, and rhizomes, and it can also occur through the blockage of exposure
to wind and sun [7, 24, 25]. Water always acts as a vehicle for delivering the pollut-
ants to the system and also for discharging the untapped pollutants away from the
system [24].

2.2.2 Substrate

Substrates for constructed wetlands can come in the form of sediment or litter.
Substrates used to construct wetlands include soil, sand, gravel, rock, and organic
materials such as compost [26]. Due to low water velocities and high productivity
typical of wetlands, the sediment and litter accumulation occurs within the wet-
lands. The substrates, sediments, and litter have numerous functions that are ben-
eficial to the efficiency of the constructed wetlands. They provide support to many
of the living organisms in wetlands, and the substrate permeability also affects
the movement of water through the wetland and provides numerous chemical and
biological processes, many of which are microbial in nature and also enhance the
transformation of pollutants within the substrates. The substrates also provide
storage for many contaminants, and the accumulation of litter increases the amount
of organic matter in the wetland, which provides sites for material exchange and
microbial attachment. Through this process, carbon source is realized as well as the
energy source that drives some of the important biological reactions in wetlands.

Flooding of the constructed wetlands with water has a contribution in its
functional mechanism. The physical and chemical characteristics of soils and other
substrates are altered when they are wholly or partially under water. For example,
under saturated substrate, the water replaces the atmospheric gases within the
pore spaces and the microbial-driven metabolism results in the consumption of
the available oxygen. Therefore, since oxygen is consumed more rapidly than it
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can be replaced by diffusion from the atmosphere, the substrates change to anoxic
condition (without oxygen). Such conditions become significant in the removal of
pollutants such as nitrogen and metals. However, substrates can also act as reservoirs
for most contaminants, with high concentration of emerging contaminants such as
resistant genes being detected in the constructed wetland substrates [27, 28].

2.2.3 Veegetation

Constructed wetlands can work with both the vascular plants (the higher plants)
and nonvascular plants (algae), and the photosynthesis process by algae increases
the dissolved oxygen content of the water which in turn affects nutrients and metals
[18, 29]. Constructed wetlands also attract large organisms such as birds which
can feed on contaminants. Additionally, they form attachment surfaces for other
protozoans and other microorganisms such as zooplanktons, phytoplanktons, and
bacterioplanktons which also aid in the elimination of pollutants and contami-
nants [30, 31]. Vegetation acts as the main trapping and retention points for most
contaminants. Studies have continued to detect a high concentration of emerging
contaminants such as resistant genes within the root systems of most constructed
wetland vegetations [11, 32].

2.2.4 Other life-forms

Constructed wetlands’ performance is also a factor of other life-forms.
Organisms within the wetlands include microorganisms and other larger animals.
The regulation functions by the microorganisms and their metabolism processes
are the fundamental functions of the wetlands systems [33]. The microorganisms
are varied in species and possess the required adaptions to drive the functions
of the wetland systems. The known significant microorganisms include bacte-
ria, yeasts, fungi, protozoa, and rind algae. The biomass generated from these
microbes (microbial biomass) forms a major useful sink for organic carbon and
many nutrients. Additionally, the microbial activities also transform a great num-
ber of organic and inorganic substances into innocuous or insoluble substances as
well as alter the reduction/oxidation (redox) conditions of the substrate, and thus
not only affect the processing capacity of the wetland but also enhance the recy-
cling of nutrients. Some microbial transformation processes are aerobic as they
require free oxygen to occur, while others are anaerobic as they occur under the
absence of free oxygen. However, most of the bacterial species are also facultative
anaerobes in nature. These groups are capable of functioning under the con-
structed wetland conditions of either aerobic or anaerobic in response to changing
environmental conditions [6, 34].

The level of water within a constructed system is crucial to the microbial
activities, and microbial populations undergo adjustments to changes in the water
delivered to them. Populations of microbes can rapidly expand under the condition
of suitable energy-containing materials. However, when environmental condi-
tions become unsuitable, many microorganisms become dormant and can remain
dormant for years [35]. The microbial community of a constructed wetland can be
affected by toxic substances, such as pesticides and heavy metals, and care must
be taken to prevent such chemicals from being introduced at damaging concentra-
tions. The biodiversity with the constructed wetlands is rich, and this is based on
the favorable habitat that the system provides to different forms of organisms,
which range from animals to plants, including invertebrates and vertebrates. The
invertebrate animals, which include insects and worms, contribute to the treat-
ment process by actively fragmenting detritus and consuming organic matter [36].
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Additionally, the larvae of many insects are also aquatic and they undertake the
consumption of a significant amount of material during their larval stages, which
may last for several years in most insect species. The invertebrates also perform a
number of ecological roles; for example, dragonfly nymphs have been confirmed to
be important predators of mosquito larvae which results in biocontrol of malaria in
most waterlogged areas. Despite invertebrates being the most important animals as
far as water quality improvement is concerned, constructed wetlands also harbor a
variety of amphibians, turtles, birds, and mammals, all of which are important in
the systems’ ecological balancing [37].

3. Constructed wetlands for wastewater treatment

The mechanisms that are available to improve water quality within a constructed
wetland system are numerous and often interrelated. The mechanisms involve the
settling of suspended particulate matter; the filtration and chemical precipitation
through contact of the water with the substrate and litter; chemical transforma-
tion; adsorption and ion exchange on the surfaces of plants, substrate, sediment,
and litter; the breakdown and transformation of pollutants by microorganisms
and plants uptake; and transformation of nutrients by microorganisms and plants
as well as the predation and natural die-off of pathogens [36]. The removal can be
undertaken biologically through microbiological degradation through catabolism
and anabolism, protozoic predation and digestion, and through plant uptake and
storage; chemically through adsorption (ionic and covalent) oxidation, reduction,
and UV degradation and physically through filtration and settlement, which filters
some materials and degrades others [38-40].

Constructed wetland treatment technology incorporates the principal com-
ponents of wetland ecosystems that promote degradation and control of con-
taminants by plants, degradation by microbial activity, and increased sorption,
filtering, and precipitation [38-40]. The treatment need dictates the nature of
technology required and requires proper selection of designs, such as surface or
subsurface flow, single or multiple cells, and parallel or series flow. Putting up of
constructed wetland systems are sometimes part of a treatment train that inte-
grates processes in series such as settling ponds, oil/water separators, and physical/
chemical treatment methods. The removal mechanisms within the constructed
wetlands can act uniquely, sequentially, or simultaneously on each contaminant
group or species [3, 4]. For instance, the volatile organic compounds (VOCs)
in contaminated groundwater are primarily eliminated through the integrative
physical mechanism of diffusion-volatilization. Further to this, mechanisms
such as adsorption to suspended matter, photochemical oxidation, and biological
degradation may also play a role. Within a constructed wetland treatment system,
physical removal mechanisms of contaminants include settling, sedimentation,
and volatilization. Gravitational settling is responsible for most of the removal of
suspended solids. The most effective treatment wetlands are those that foster these
mechanisms.

3.1 Merits and demerits of constructed wetlands in waste handling

The long-term effectiveness of constructed wetlands to contain or treat some
contaminants is not well known. Wetland aging may contribute to a decrease in
contaminant removal rates over time. However, constructed wetlands are a cost-
effective and technically feasible approach to treating wastewater and runoff for
several reasons [41].
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Constructed wetlands’ demerits outweigh the merits. Some of the merits are that
they can be less expensive and more affordable to build than other forms of treat-
ments, their cost of operation and maintenance (required supplies and energy) are
low, and the operation and maintenance only require periodic and not continuous
on-site labor. Furthermore, the constructed wetlands are able to tolerate fluctua-
tions in flow, they sustainably facilitate water recycling and reuse, they provide
favorable habitat for many wetland organisms, and the system can be built to fit
harmoniously into the landscape. Constructed wetlands have the ability to provide
numerous benefits in addition to water quality improvement, such as wildlife
habitat that supports tourism and other sporting, and they enhance the esthetic
enhancement of open spaces. Therefore, due to all the above economic, ecological,
and esthetic benefits, constructed wetlands are environmentally sensitive treatment
approaches that are viewed with favor by the general public [42].

The use of constructed wetlands is also subject to limitations that are associated
with the use and putting up of the system. Compared to conventional wastewater treat-
ment systems, constructed wetlands generally require larger land areas. Even though
wetland treatment may be economical relative to other options, this only applies
to where land is available and affordable. The constructed wetland’s performance
efficiency may be less consistent as compared to the conventional treatment. The
treatment efficiency of constructed wetlands may vary; this variation may be seasonal
in response to changing environmental conditions, including rainfall and drought
or spatial in relation to the existing weather conditions in different places. While the
average performance over the year may be acceptable, but due to such fluctuations
in performance efficiency, wetland treatment cannot be relied upon if the effluent
quality must meet stringent discharge standards at all times. The biological compo-
nents are always sensitive to toxic chemicals, such as ammonia, and other pesticides
that are periodically flushed or surged by the flowing water, and this may temporarily
reduce treatment effectiveness and reduce the efficiency. For proper survival and
improved efficiency, constructed wetlands also require a minimum amount of water.
While wetlands can tolerate temporary drawdowns, they cannot withstand complete
drying and some plants in it can also not tolerate complete submergence [1]. The use
of constructed wetlands for wastewater treatment and stormwater control is a fairly
recent development. There is yet no consensus on the optimal design of wetland
systems, nor is there much information on their long-term performance. Furthermore,
its ability and potential to eliminate emerging contaminants such as resistant genes
have not been fully realized [32].

4. Constructed wetlands and drug-resistant bacteria and related genes

Antibiotic-resistant genes (ARGs) originate from hospitals, wastewater treat-
ment plants effluents and sewage sludge, and animal slurry in farmland. Soils,
surface water (e.g., seas and rivers), and sediments are contaminated by these large
arrays of antibiotic resistance genes [43]. Resistant genes are the major courses of
antibiotic resistance, which is one of the upcoming crucial concerns to global health
care with considerable effect in rising morbidity, mortality, and costs associated
with major public health problems. Antimicrobial resistance occurs naturally over
time, usually through genetic changes. However, the misuse and overuse of antimi-
crobials is accelerating this process [44]. Horizontal and lateral gene transfers have
greatly contributed to the increasing number of drug-resistant pathogens within the
environment (Figure1).

Antibiotic resistance has the potential to affect people at any stage of life as
well as the health-care, veterinary, and agriculture industries, making it one of
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the world’s most urgent environmental and public health problems. [45]. Its chain
of spread spans from contaminated wastewater discharges from the hospitals
to the consumption of contaminated food material (Figure 2). The occurrence
of antibiotic-resistant genes in the environment is considered one of the most
urgent threats to modern health care and environmental quality and safety. It is
often assumed that the abundance and diversity of known resistance genes are
representative also for the non-characterized fraction of the resistome in a given
environment [46]. Antibiotic resistance genes are ubiquitous in the environment,
which has led to the suggestion that there is a high risk these genes can cause in the
spread of the disease [46, 47].

Constructed wetlands, though designed to remove and eliminate pollutants
from wastewater, can also be the hot spots for horizontal or vertical gene transfer,
enabling the spread of antibiotic resistance genes between different microorganisms.
Antibiotic resistance occurs due to changes or mutations in the DNA of the microor-
ganism, or due to the acquisition of antibiotic resistance genes from other microbial
species through gene transfer. The transfer of genetic materials between unrelated
individuals is termed horizontal gene transfer, while the transfer of genetic materials
from parent to their offspring is termed vertical gene transfer [48]. Horizontal gene
transfer is the major source of ARGs as well as the emergence of pathogenic forms
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of microorganisms with new virulence [11, 12]. Constructed wetlands being the
reservoir for various strains and species of microorganisms may provide the media
for such transfers to occur, hence contributing to problems of drug resistance [11].
There is rising concern due to the wide presence of antibiotics in the constructed
wetlands, as it not only causes serious toxic effects on organisms but also promotes
the spread of antibiotic-resistant genes (ARGs), even with low concentrations in the
environment. ARGs being spread through horizontal or vertical gene transfers can
also be spread and maintained in microbial populations, even without selection pres-
sure from antibiotics, and wetlands systems provide favorable transfer grounds [12].

The recognition that the environment could serve as a source for resistance
genes to human pathogens has spurred interest in investigating the distribution of
resistance genes in various environments to better understand the process [10, 32].
Wastewater and wastewater treatment plants such as constructed wetlands can act
as reservoirs and environmental suppliers of antibiotic resistance through filtration
and load of resistant genes into the aquatic ecosystems [13]. Indeed, wastewater
has been confirmed to be the major route by which the antimicrobials, ARBs, and
ARGs are introduced into the natural ecosystem from the human settings. Although
wastewater treatment plants such as the constructed wetlands significantly reduce
the load of bacteria, the final effluents may contain ARBs, sometimes even at higher
concentrations than in the raw wastewater [11, 12].

Considerable research has been conducted on the behavior and fate of ARBs
and ARGs discharged from different forms of wastewater to soil through the
application of animal manure wastewater irrigation and to aquatic environments
through wastewater discharge and runoff. The impact of discharging ARGs in
treated wastewater to aquatic systems as well as associated ARG amplification
and attenuation dynamics has neither been adequately researched nor discu